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1.- Introducción 
Las diatomeas son el grupo de microalgas más abundante y diversificado, con más 
de 200.000 especies reconocidas (Mann, 1999). En el ambiente marino forman parte del 
fitoplancton con más de 18 mil especies (Fryxell y Hasle, 2003) y son responsables de 
proliferaciones estacionales recurrentes en zonas costeras (Margalef, 1991; Falkowski et 
al., 1998). Como todos los organismos autotróficos, contienen clorofila y pigmentos 
adicionales para capturar la energía del sol, y mediante la fotosíntesis producen 
compuestos carbonados y oxígeno. Son las mayores fuente de oxígeno en el planeta, 
produciendo un equivalente al de toda la selva húmeda tropical (Field et al., 1998). 
Además son responsables de entre el 40% al 45% de la producción primaria global de 
compuestos orgánicos en el océano (Mann, 1999). Las diatomeas pertenecen 
taxonómicamente a la división Heterokontophyta, clase Bacillariophyceae. Se 
caracterizan por tener una cubierta de sílice en forma de caja formada por dos valvas 
que se denomina la frústula. Se diferencian en cuanto a la morfología de las valvas en 
dos grandes grupos: las centrales con simetría radial, y las pennadas con simetría 
bilateral (Round et al., 1990).  
Fig. 1.  Morfología de Pseudo-nitzschia sp. Flecha a) fíbula, flecha b) nódulo central, ovalo a) estría, 
ovalo b) interstría 
En Pseudo-nitzschia  cada valva presenta un rafe que corre a lo largo del eje 
apical, se encuentra reforzado interiormente con puentes de sílice llamados fíbulas (Fig. 
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1 flecha). En algunas especie el rafe es interrumpido en la parte central por un nódulo 
(Fig. 1 flecha b), las fíbulas a cada lado del nódulo se encuentran más espaciadas. Las 
valvas están ornamentadas con estrías poco silificadas que presentan poros (Fig. 1. 
ovalo a). Esta va alternando con interestria más silificadas en forma de costillas (Fig. 1. 
ovalo b). Los poros pueden estar subdividos por una criba y ocluidos por una membrana 
silificada muy delgada. 
A finales de la década de los 80, aparecieron en Canadá los primeros eventos 
tóxicos producidos por el consumo de mariscos (Mytilus edulis) contaminados con la 
neurotoxina ácido domoico causante en el hombre del síndrome ASP (por sus siglas en 
ingles: Amnesic Shellfish Poison). La toxicidad se atribuyo a la diatomea pennada 
Pseudo-nitzschia pungens, forma multiseries, y es el primer caso citado de una 
diatomea productora de toxina (Bates et al., 1989). Desde entonces se han descrito 
nuevas especies tóxicas de Pseudo-nitzschia en otras partes del mundo, y se han 
reconocido como una amenaza real para la salud humana y la industria de la acuicultura 
(Fig. 2). Este hecho ha promovido: 
i) el desarrollo de nuevas metodologías para la identificación inequivoca de 
especies de fitoplancton, lo que ha producido la consiguiente ampliación en 
pocos años del número de especies tóxicas conocidas 
ii) la investigación de las características ambientales que acompañan a estas 
proliferaciones de fitoplancton, para su futura predicción 
iii) la incorporación de las diatomeas tóxicas en los programas de monitoreo de 
fitoplancton potencialmente tóxico, especialmente en áreas dedicadas a la 
industria de la acuicultura. 
Introducción  4
P. multiseries 1989
P. calliantha 1990
P. cuspidata 2005
P. australis  1992
P. pungens 1996
P.cf pseudodelicatissima 1999
P. seriata 1994
P. fraudulenta 1998
P. turgidula 1996
P. delicatissima 1991
P. multistriata 2000
P. galaxiae 2005
P. pseudodelicatissima 1998
Antartic
Artic
Warm temperate
Tropical regions
Warm temperate
Cold temperate 
Cold temperate Subartic cold temperate 
Fig, 2. Cronología de las primeras detecciones de Pseudo-nitzschia tóxicas a nivel mundial. P. multiseries
(Bates et al., 1989), P. calliantha (Martin et al., 1990), P. australis (Fritz et al., 1992), P. seriata
(Lundholm et al., 1994b), P. pungens y P. turgidula (Rhodes et al., 1996), P. fraudulenta y P. 
pseudodelicatissima (Rhodes, 1998), P. cf pseudodelicatissima (Parsons et al., 1999), P. multistriata
(Sarno y Dahlmann, 2000), P. galaxiae (Cerino et al., 2005), P. cuspidata (Bill et al., 2005) 
Las especies de Pseudo-nitzschia asociadas a toxicidad a nivel mundial y 
cronológicamente, fueron: 
(1) P. pungens forma multiseries (Bates et al., 1989) que afecto por 
intoxicación con ASP a 107 personas con tres muertes en las islas del 
príncipe Eduardo, en la costa este de Canadá (Fig. 2).  
(2) En la bahía de Fundy en Canadá, P. calliantha identificada en aquellas 
fechas como P. pseudodelicatissima (Martin et al., 1990) fue asociada a 
la producción de ácido domoico.  
(3) P. australis fue la causante de un evento tóxico importante en 1992 en la 
costa de California, bahía de Monterrey en USA causando la muerte de 
pelícanos y anchoas (Buck et al., 1992).  
(4) La primera referencia de ácido domoico fuera de aguas del norte de 
América fue atribuido a P. seriata en cultivo (Lundholm et al., 1994a). 
Esta especie se encuentra ampliamente distribuida en aguas frías del 
hemisferio norte. 
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(5) En Nueva Zelanda, en 1996, se detectó ácido domoico en bivalvos y en 
cepas aisladas y cultivadas de P. pungens y P. turgidula que 
probablemente produjeron la toxina (Rhodes et al., 1996).  
(6) En la misma localización geográfica en el año 1998 P. fraudulenta y P. 
pseudodelicatissima dieron positivo para ácido domoico también en 
condiciones de cultivo (Rhodes et al., 1998). 
(7) La siguiente cita sobre producción de toxina por una especie de Pseudo-
nitzschia ocurrió en el mar Mediterráneo en el año 2000 en Nápoles 
(Italia) y fue debido a P. multistriata (Sarno y Dahlmann, 2000).  
(8) Cinco años después se encontró a P. galaxiae como productora de ácido 
domoico en condiciones de laboratorio (Cerino et al., 2005).  
(9) Como última especie tóxica citada hasta ahora a nivel mundial se 
encuentra P. cuspidata en las costa de Washington (Bill et al., 2005). 
El hecho que especies de Pseudo-nitzschia fueran tóxicas bajo determinadas 
circunstancias requirió una revisión de su taxonomía para lo que se recurrió a 
herramientas como la morfología, caracterización molecular y estudio de la 
compatibilidad sexual para determinar la existencia de especies crípticas y semi-
crípticas (Lundholm et al., 2006; Amato et al., 2007; Casteleyn et al., 2008). 
Actualmente, con las herramientas moleculares se ha empezado a distinguir un número 
importante de especies crípticas. A modo de ejemplo, podemos mencionar que se están 
describiendo dos especies nuevas de P. calliantha y P. many que habían sido 
consideradas previamente como solo una (Amato et al., 2007). 
Costa Catalana 
Los primeros trabajos realizados sobre la caracterización del fitoplancton en las 
costas de España se remontan a los años 40. Margalef (1945) describe a Nitzschia 
seriata como especie nerítica de mares templados y boreales presente en la costa 
catalana en el sector de Blanes. Esta identificación puede corresponder a la actual P. 
calliantha. La siguiente cita de Pseudo-nitzschia (bajo el nombre de Nitzschia) es del 
mismo autor en el año 1951, donde indica que la denominación Nitzschia seriata
incluye posiblemente a N. delicatissima Cleve. La primera, con dimensiones entre 80-
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140 µm de largo, que predominaría en la costa de Castellón, y la segunda que presenta 
unos valores menores de longitud, entre 32-85 µm. En otros trabajos, el autor reconoce 
la incertidumbre en la identificación y las describe como especies separadas (Margalef, 
1951a). Los siguientes trabajos fueron los resultados de campaña de un año, 1978-1979 
(Estrada, 1980), en el que se describen tres especies afines: N. delicatissima, N. seriata
y N. heimii. La más abundante en esta campaña fue N. seriata. En 1982, el mismo autor 
solo nombra “Nitzschia seriata like” y “Nitzschia delicatissima like”. A las tres especies 
se las considera actualmente dentro del género Pseudo-nitzschia. En su atlas de 
fitoplancton, Delgado (1991) solo describe dos especies de Nitzschia, y a partir de la 
foto no se puede deducir que especie podría ser ya que no fueron tratadas previamente 
para eliminar la materia orgánica. Vila (2001), dentro del Programa de Vigilancia de 
Fitoplancton Tóxico y Nocivo, describe a tres especies de Pseudo-nitzschia que 
corresponden a P. calliantha (referida como P. pseudodelicatissima), P. delicatissima y 
P. pungens. Sin embargo, y debido a las dificultades que implica la identificación del 
género a nivel morfológico con microscopia óptica, quedan muchas preguntas por 
resolver pues no hay una delimitación clara de las especies. Debido al mal conocimiento 
en el género Pseudo-nitzschia en general, y en la costa catalana en particular, en esta 
tesis se han planteado varias preguntas agrupadas por niveles de estudio:  
1. ¿Son las características morfológica, moleculares y la compatibilidad sexual 
instrumentos suficientes para delimitar a las especies crípticas en el complejo 
Pseudo-nitzschia delicatissima? 
2. ¿Qué tipo de reproducción sexual presentan las diatomeas del género Pseudo-
nitzschia? 
3. ¿Qué diversidad de especies de Pseudo-nitzschia hay en la costa Catalana?  
¿Qué representa esta diversidad respecto a la distribución conocida en el mar 
Mediterráneo?  
4. ¿Cuál es la distribución espacio-temporal del género Pseudo-nitzschia en la 
costa Catalana?  
5. ¿Cómo se desarrolla una proliferación de Pseudo-nitzschia?  
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¿Cuáles son las especies de fitoplancton y zooplancton que acompañan la 
proliferación de Pseudo-nitzschia? 
Estas preguntas se tratan de responder a lo largo de esta memoria. La memoria se 
divide en cinco capítulos, que se han estructurado como cinco trabajos científicos y 
acaba con unas conclusiones generales. Cada uno de los capítulos de la tesis tiene un 
resumen, introducción, material y métodos, resultados y discusión. Dos de los capítulos 
están publicados y tres en  proceso de revisión. 
El capítulo 1 esta dirigido a responder la pregunta nº 1.  
Este capítulo corresponde a la delimitación de P. delicatissima en un trabajo titulado:  
Pseudo-nitzschia delicatissima – a cryptic species complex. A study based 
of morphological, molecular and physiological characters as well as sexual 
compatibility. 
Quijano-Scheggia, S., Garcés, E., Lundholm, N., Moestrup, Ø., Andree, K., and    
Camp, J. 
Submitted to Phycologia 
En este trabajo se escogió P. delicatissima como especie de referencia. Las cepas 
de P. delicatissima fueron analizadas para determinar la existencia de especies crípticas. 
Se utilizo para ello aproximaciones distintas i) la morfologia ii) mediante secuenciación 
del ITS iii) mediante experimentos de compatibilidad sexual. Se encontraron dos grupos 
denominados A/2 y B/1, que pueden ser diferenciados por la secuencia ITS  
No se encontraron diferencias morfológicas significativas entre los dos grupos, sin 
embargo no hubo reproducción sexual exitosa entre ellos coincidiendo con el concepto 
biológico de especie. Dentro del grupo P. delicatissima B/1 la reproducción fue exitosa 
y se realizo un análisis morfológico y filogenético de las generaciones F1 y F2. Se 
muestra que los hijos pertenecen al mismo grupo filogenético de los padres pero que 
presentan algunas diferencias morfológicas que evolucionan con el tiempo. 
No se consiguió demostrar reproducción sexual dentro del grupo P. delicatissima
A/2 Las especies de este grupo presentan tendencia a una tasa de crecimiento mayor y 
una reducción de tamaño menor. Se discute si las diferencias pueden jugar un papel 
importante en la distribución y dinámica en las proliferaciones de estos dos grupos y 
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también se plantean las preguntas i) ¿qué ventajas significa para la especie la 
sexualidad? y ii) ¿qué mecanismo dispara en esta especie la reproducción sexual?  
El capítulo 2 esta dirigido a responder la pregunta nº 2. Este capítulo corresponde 
a un trabajo titulado: 
Homotallic axusporulation in Pseudo-nitzschia brasiliana
(Bacillariophyceae).
S. Quijano-Scheggia, E. Garcés, Andree, K., J. M. Fortuño, J. Camp. 
Submitted to Journal of Phycolgy 
Todas las diatomeas tienen un ciclo de vida diplonte. Las células vegetativas son 
diploides y solo los gametos haploides. La división de células vegetativas se produce 
por mitosis y la formación de gametos por meiosis. La capacidad de las células de 
realizar la reproducción sexual depende del tamaño. Solo células comparativamente 
pequeñas pueden cambiar de mitosis a meiosis. La mayoría de las diatomeas pennadas, 
incluyendo a Pseudo-nitzschia, son heterotálicas, pero, en el caso de la P. brasiliana, se 
ha observado por primera vez en el género reproducción homotálica. En este trabajo se 
describe el desarrollo de auxoporas y formación de las células iniciales. Se discute las 
ventajas de presentar este tipo de reproducción, ya que las diatomeas que no pueden 
realizar reproducción sexual y auxosporulación continúan dividiendose mitóticamente, 
sufriendo un proceso de miniaturización, es decir, continúan reduciendo su tamaño 
hasta alcanzar un nivel crítico después del cual mueren. 
El capítulo 3 está dirigido a responder las preguntas nº 3. Este capítulo 
corresponde a un trabajo titulado:
Pseudo-nitzschia species in the Catalan Coast: characterization and 
contribution to the current knowledge of genus distribution in the Mediterranean Sea. 
S. Quijano-Scheggia, E. Garcés, Andree K., J. M Fortuño y J. Camp 
                                             In preparation 
En este capítulo se estudia la diversidad de especies del género Pseudo-nitzschia
en la costa Catalana. Se establecieron con éxito 72 cultivos necesarios para realizar los 
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estudios morfológicos y moleculares y para los sucesivos trabajos que se presentan en 
los capítulos siguientes de la tesis. Se caracterizaron las cepas del laboratorio con una 
combinación de técnicas, que incluye la microscopia óptica y electrónica, la 
secuenciación de la región espaciadora interna ITS1, 5.8s y ITS2 rDNA, además de los 
estudios de las tasas de crecimiento, reducción del tamaño celular y el estudio de la 
compatibilidad sexual. Los cambios en las secuencias en las regiones del ITS son 
rápidos y pueden ser utilizadas para la tipificación de la especie. Utilizando la relación 
filogenética, fueron identificadas 8 especies del género Pseudo-nitzschia. En el capítulo 
se revisa las citas del género Pseudo-nitzschia en el mar Mediterráneo. También se 
discute qué distribución presenta el género y sus implicaciones a nivel biogeográfico 
tales como: i) primeras citas en el mar Mediterráneo (P. brasiliana, P. linea), ii) 
primeras citas en la costa catalana otras especies (P. caciantha, P. calliantha, P. 
fraudulenta, P. galaxiae y P. multistriata) y iii) distribución en el Mediterráneo de 
especies de Pseudo-nitzschia que no han sido encontradas en la costa catalana en el 
presente estudio (P. dolorosa, P. cuspidata, P. multiseries y P. australis) 
En el capítulo 4 se abordan y tratan de resolver las preguntas nº 4. Este capítulo 
corresponde a un trabajo titulado:  
Identification and characterization of the dominant Pseudo nitzschia
species (Bacillariophyceae) along the NE Spanish coast (Catalonia, NW 
Mediterranean.
Quijano-Scheggia, S., Garcés, E., Sampedro, N., van Lenning, K., Flo, E., 
Andree, K., Fortuño, J. M., and Camp, J  
Accepted in Scientia Marina  
En este capítulo se estudiaron especies potencialmente tóxicas de Pseudo-
nitzschia en la costa Catalana desde Enero 2005 a Mayo 2006. El género Pseudo-
nitzschia muestra concentraciones celulares altas durante la mayor parte del año. P. 
delicatissima y P. calliantha fueron encontradas en las estaciones de muestreo del norte 
entre Febrero y Abril, y en las estaciones sur entre Agosto y Noviembre. P. brasiliana y 
P. multistriata fueron detectadas sólo ocasionalmente en las estaciones del sur. P. 
fraudulenta y P. pungens aparecen en la región norte en los meses de Febrero a Abril 
con bajas densidades celulares. El análisis estadístico de los datos ambientales permite 
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la formación de dos grupos, uno caracterizado por altas concentraciones de NO3 y SiO4
y otro con condiciones opuestas. En el análisis estadístico de los datos bióticos se 
forman tres grupos, uno con altas abundancias de P. delicatissima, otro con altas 
abundancias de P. delicatissima y P. calliantha y un tercero con altas abundancias de P. 
calliantha. Sin embargo ninguna de las variables ambientales consideradas explica 
satisfactoriamente la distribución temporal y espacial de las especies de Pseudo-
nitzschia en el área de estudio. Diferencias en la tasa de crecimiento y producción 
celular de las especies indica que las variables abundancia y diversidad pueden jugar un 
papel importante en los patrones de distribución observados. Los pigmentos de las cepas 
aisladas fueron caracterizados para estudiar la posibilidad de discriminarlas por medio 
de un método quemotaxonómico simple. 
En el capítulo 5 se abordan y tratan de resolver las preguntas nº 5. Este capítulo 
corresponde a un trabajo titulado:  
Bloom dynamics of the genus Pseudo-nitzschia (Bacillariophyceae) in 
two coastal bays, NE Spain (Mediterranean Sea).
Quijano-Scheggia, S., Garcés, E., Flo, E., Fernández-Tejedor, M., Diogène, 
J., Camp, J. 
Accepted in Scientia Marina 
En este trabajo se caracterizan las variaciones en la composición especifica de 
especies de una proliferación de Pseudo-nitzschia de Agosto 2005 a Febrero 2006 en 
dos bahías del Mediterráneo noroeste (bahía de Alfacs y Fangar). Las especies 
observadas en las dos bahías fueron Pseudo-nitzschia calliantha, P. delicatissima, P. 
fraudulenta, P. multistriata y P. pungens. Mediante el análisis estadístico de los datos 
en la bahía de Alfacs, se definieron dos grupos: muestras de invierno y muestras de 
verano y otoño. El primer grupo se definió por la alta concentración NO3 y baja 
concentración de NH4, condiciones que acompañaron una gran abundancia de P. 
delicatissima y baja abundancia de P. calliantha. El segundo grupo presento las 
características opuestas. La distribución de tamaño de algunas especies de Pseudo-
nitzschia fue estudiada durante el evento de proliferación y se propone como posible 
indicador del estado reproductivo de las células, como por ejemplo predominio de la 
división mitótica o de procesos sexuales. 
Introducción  11
Finalmente, en el capítulo 6 se presentan la discusión y conclusiones generales de 
esta tesis. 
(Margalef, 1945, 1951b; Estrada, 1980, 1982; Delgado and Fortuño, 1991; Vila, 2001) 
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Pseudo-nitzschia delicatissima – a cryptic species complex. A study 
based of morphological, molecular and physiological characters as well 
as sexual compatibility 
Quijano-Scheggia, S., Garcés, E., Lundholm N, Moestrup Ø, Andree, K., and 
Camp, J. 
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Pseudo-nitzschia delicatissima – a cryptic species complex. A study 
based of morphological, molecular and physiological characters as well 
as sexual compatibility 
Abstract 
Several strains of Pseudo-nitzschia delicatissima were isolated from the NW 
Mediterranean Sea and compared using light- and electron microscopy, phylogenetic 
analyses of ITS rDNA, together with studies of their mating system, estimations of 
growth rates and reduction in cell size with time. Morphological and phylogenetic 
analyses identified all strains as Pseudo-nitzschia delicatissima, but in the phylogenetic 
analyses they fell into two genetically distinct clades. Studies of fine structural 
morphological characteristics by scanning electron microscopy did not allow 
discrimination of the two clades. Mating experiments showed that strains from the two 
clades were sexually incompatible, in agreement with the cryptic species definition. The 
morphological characteristics of the daughter generations F1 and F2 were analysed and 
abnormalities in the F2 generation described. Culture studies showed physiological 
differences between the two clades. Strains from clade A/2 showed a tendency for 
higher growth rates and slower reduction in cell size than strains from clade B/1. 
Morphological and phylogenetic studies comparing strains from different parts of the 
world showed P. delicatissima as cryptic species complex comprising at least two 
different genotypes, both apparently cosmopolitan. Differences in growth capabilities of 
the cultures were observed in relation to cell size and physiological status. Possibly, 
such capability plays a key role in the occurrence and dynamics of phytoplankton algae. 
Introduction 
Diatoms comprise an ecologically successful group of organisms. They are 
widespread constituents of benthic and planktonic communities, occurring in terrestrial, 
marine and freshwater environments worldwide. They are numerically the most 
abundant algae, with the largest number of species (Mann and Droop, 1996; Mann, 
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1999; Chepurnov et al., 2004). Diatoms are globally significant in the carbon and 
silicate cycles and used in ecological monitoring, paleoecological studies and 
stratigraphic correlations (Round et al., 1990; Mann et al., 1999).  
To date, the biodiversity of eukaryotic phytoplankton, including diatoms, has been 
estimated based mainly on morphological features. Principal diagnostic characters are 
metric, such as size, stria and fibula density, and these often show considerable overlap 
between taxa, making taxon delimitation somewhat arbitrary and species determinations 
difficult (Mann et al., 1999; Lundholm and Moestrup, 2006). Hence the concept of 
morphospecies is not always adequate, and the existence of cryptic and pseudo-cryptic 
species is likely. Another species criterion is testing for viable reproduction, the 
biological species concept. Also sequence data are used to consider species boundaries  
(e.g. (Medlin et al., 1991; Behnke et al., 2004; Amato et al., 2007; Vanormelingen et 
al., 2007). The molecular analyses have been based on different areas of the genome 
such us the hypervariable domains D1D3 of the 28S rDNA (LSU), the internal 
transcribed spacers (ITS1 and ITS2) of rDNA, the plastid gene that encodes for the 
large subunit of Rubisco (rbcL) and the mitochondrial gene, cytochrome c oxidase 
(cox1)(Lundholm et al., 2003; Lundholm et al., 2006; Amato et al., 2007; Evans et al., 
2007; Casteleyn et al., 2008). 
Present results suggest that phytoplankton biodiversity has been underestimated 
and boundaries between species need to be determined to evaluate biodiversity and the 
number of toxic species (Mann, 1999). 
The pennate diatom genus Pseudo-nitzschia H. Peragallo has gained notoriety due 
to its ability to produce domoic acid, the neurotoxin causing amnesic shellfish poisoning 
(ASP) (Bates, 1998). Identification of Pseudo-nitzschia species has been based on 
morphological characteristics according to the morphological species concept. Newer 
studies using sequence variation in the non-coding internal transcribed spacer (ITS) 
region for phylogenetic analyses has proved useful to separate cryptic and pseudo-
cryptic species (Lundholm et al., 2003; Lundholm et al., 2006; Amato et al., 2007). 
In the P. delicatissima-group, Lundholm et al. (2006) described two new species 
and two clades based on morphology, molecular probes and phylogenetic analyses of 
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the internal transcribed spacer ITS1, 5.8S and ITS2. The authors found large genetic 
variation among the strains of P. delicatissima (Cleve) Heiden and concluded that this 
species should be divided into two major clades, representing cryptic species. Amato et 
al. (2007) confirmed the observations, using morphological features, sequence data 
(three ribosomal and one plastid marker) and mating compatibility. Other studies 
(Fehling et al., 2006) have sequenced and morphologically described strains of P. 
delicatissima, but no compilation of the available data has been made. 
For mating experiments, knowledge of the life cycle is required. Like most other 
diatoms, pennate species have a complex life cycle. Due to the hard and rigid silica 
frustule which does not allow for expansion of the cell, asexual reproduction leads to 
progressive reduction in the size of the frustules. The original size is recovered 
following sexual reproduction (Mann, 1993; Mann, 2002). Sexual reproduction involves 
meiosis, formation of two types of gametes, gamete fusion and the formation of a 
specialized zygote, the auxospore. The auxospore expands to produce a cell of 
maximum size, usually 2-3 times the parental cells. Almost all Pseudo-nitzschia species 
are heterothallic (Davidovich and Bates, 1998; Chepurnov et al., 2004; Amato et al., 
2005; Chepurnov et al., 2005). The aim of this study was to compare morphological and 
molecular species circumscriptions with mating and physiological studies of P.
delicatissima from the NW Mediterranean Sea. Further, to compile the available data on 
P. delicatissima to evaluate whether it comprises a cryptic species complex. Mating 
experiments were performed among all the strains from the morphospecies. Growth 
studies were used to compare growth rates among clades and generations and to 
examine differences in cell size reduction. Morphological and phylogenetic 
characteristics of F1 and F2 generations are presented. 
Material and methods 
Strains isolated for this study (26 strains) were collected at different localities off 
the Catalan coast (NW Mediterranean Sea) from March 2005 to April 2007 (Table 1). 
Water samples with Pseudo-nitzschia spp. were examined live under an inverted 
microscope (Leica-Leitz DM-Il, Leica Microsystems GmbH, Wetzlar, Germany) and 
single cells were isolated with a glass Pasteur pipette into a tissue culture plate 
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containing f/2 or L1 medium with 105 μM of silicate at a salinity  of 30 psu (Guillard, 
1975). When the cultures reached a cell density of ca. 104 cells L -1, they were 
transferred to 50-ml flasks.  
Table 1. Pseudo-nitzschia strain used in phylogenetic studies
Taxon 
 Strain 
designation Origin Isolator 
Accession 
number 
P. delicatissima Ra 2 La Rápita, Spain S.Quijano-Scheggia DQ990362 
P. delicatissima ICMB-102 La Rápita, Spain " EU478793 
P. delicatissima ICMB-103 Arenys, Spain " EU367943 
P. delicatissima ICMB-106 Olympic, Spain  EU367942 
P. delicatissima ICMB-107 Olympic, Spain " EU367944 
P. delicatissima ICMB-125 Blanes, Spain " EU367945 
P. delicatissima ICMB-126 Arenys, Spain " EU327381 
P. delicatissima ICMB-127 Arenys, Spain " EU367946 
P. delicatissima ICMB-128 Arenys, Spain " n. s. 
P. delicatissima ICMB-129 Arenys, Spain " EU367951 
P. delicatissima ICMB-130 Arenys, Spain " EU367952 
P. delicatissima ICMB-131 Arenys, Spain " EU367953 
P. delicatissima ICMB-132 Arenys, Spain " EU367954 
P. delicatissima ICMB-133 Blanes, Spain " EU367947 
P. delicatissima ICMB-134 Blanes, Spain " EU327383 
P. delicatissima ICMB-135 Blanes, Spain " EU367948 
P. delicatissima ICMB-140 Blanes, Spain " EU327384 
P. delicatissima ICMB-141 Blanes, Spain " EU367950 
P. delicatissima ICMB-142 Blanes, Spain " EU327384 
P. delicatissima ICMB-160* Arenys, Spain "  EU327385 
P. delicatissima ICMB-161* Arenys, Spain " EU327386 
P. delicatissima ICMB-162* Arenys, Spain " EU327387 
P. delicatissima ICMB-167* Barcelona, Spain " EU327388 
P. delicatissima ICMB-169* Barcelona, Spain " EU327389 
P. delicatissima ICMB-170* Barcelona, Spain " EU327390 
P. delicatissima ICMB-171* Arenys, Spain " EU327391 
P. delicatissima ICMB-F1A1 F1 generation " EU478789 
P. delicatissima ICMB-F1A4 F1 generation " EU478790 
P. delicatissima ICMB-F1A7 F1 generation " EU478791 
P. delicatissima ICMB-F1B3 F1 generation " EU478792 
P. delicatissima ICMB-F2A1 F2 generation " EU407609 
P. delicatissima ICMB-F2D1 F2 generation " EU407610 
P. delicatissima ICMB-F2E1 F2 generation " EU407611 
P. delicatissima ICMB-F2G1 F2 generation " EU407612 
P. delicatissima A4 La Rápita, Spain R. Venail EU327392 
P. delicatissima D3 La Rápita, Spain " DQ530622 
P. delicatissima D4 La Rápita, Spain " DQ530623 
P. delicatissima D5 La Rápita, Spain " DQ530624 
P. delicatissima AL-22, del2 Napoles, Italy A. Amato DQ813829 
P. delicatissima 21-02, del2 Naples, Italy L. Orsini AY519281 
P. delicatissima AL-38, del2 Naples, Italy A. Amato DQ813832 
P. delicatissima S-AL-1, del2 unknown S. M. McDonald DQ813843 
P. delicatissima 18-02, del1 Naples, Italy L. Orsini AY519334 
P. delicatissima 24-02, del1 Naples, Italy " AY519335 
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Taxon 
 Strain 
designation Origin Isolator 
Accession 
number 
P. delicatissima 26-02, del1 Naples, Italy " AY519337 
P. delicatissima 27-02, del1 Naples, Italy " AY519336 
P. delicatissima AL-24, del1 Naples, Italy A. Amato DQ813830 
P. delicatissima AL-110,del1 Naples, Italy " DQ813840 
P. delicatissima Læsø 2 Læs, Kattegat, Denmark N. Lundholm DQ329206 
P. delicatissima Læsø 5  Læs, Kattegat, Denmark " AY257849 
P. delicatissima ØM2 Aveiro, Portugal Ø. Moestrup DQ329207 
P. delicatissima OFPd972 Ofunato Bay, Japan Y. Kotaki DQ329208 
P. delicatissima Tasm10 Hobart, Tasmania N. Lundholm AY257848 
P. delicatissima BP1 Boca Piccola, Italy " DQ336150 
P. delicatissima Castel1 Castellamare, Italy " DQ329210 
P. delicatissima Castel2 Castellamare, Italy " DQ319212 
P. delicatissima MexA Gulf of Mexico, Tuxpam, Mexico 
Ø. Moestrup/N. 
Lundholm DQ329211 
P. delicatissima PLY1St.5 Firth of Lorne, UK J. Fehling AM118043 
P. delicatissima PLY1St.42A Firth of Lorne, UK " AM118044 
P. delicatissima PLY1St.43C Firth of Lorne, UK " AM118045 
P. delicatissima PLY1St.45E Firth of Lorne, UK " AM118046 
P. delicatissima PLY1St.46A Firth of Lorne, UK " AM118047 
P. delicatissima PLY1St.48A Firth of Lorne, UK " AM118048 
P. delicatissima PLY1St.77C Firth of Lorne, UK " AM118049 
P. delicatissima PLY1St.85A Firth of Lorne, UK " AM118050 
P. delicatissima PLY1St.85B Firth of Lorne, UK " AM118051 
P. delicatissima PLY1St.85Z Firth of Lorne, UK " AM118052 
P. micropora VPB-B3 Van Phong Bay, Vietnam J. Skov AY257847 
P. micropora No16 Phuket, Thailand K. Priisholm DQ329209 
P. subcurvata 1-F Ross Sea, 741020S, 1401760W N. Lundholm DQ329205 
P. inflatula No7 Phuket, Thailand K. Priisholm DQ329204 
All cultures were maintained at 19-21 ± 1 ºC at a 12:12 h L:D cycle. Illumination 
was provided by fluorescence tubes (Gyrolux, Sylvania, Germany) with a photon 
irradiance of 100 μmol photons m-2 s-1. The strains were re-inoculated into fresh 
medium at two-week intervals. 
. 
 DNA extraction, amplification and sequencing 
Initial cultures were concentrated by centrifugation and frozen. Extraction 
followed the CTAB method (Doyle and Doyle, 1987) with modifications (Lundholm 
and Moestrup, 2002). The ITS1, 5.8S, and ITS2 were amplified using the primers for 
PCR 1380-F (GCG TTG AT/AT ACG TCC CTG CC) and ITS055-R (CTC CTT GGT 
CCG TGT TTC AAG ACG GG). The conditions were as follows: one initial 
denaturation at 94 ºC for 2 min, followed by 36 cycles each comprising 94 ºC for 30 s, 
60 ºC for 30 s, and 72 ºC for 25 s; and finally 72 ºC for 6 min. The PCR products were 
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visualized on a 2% Nusieve gel and purified using QIA quick PCR Purification Kit 
(Qiagen GmbH, Hilden, Germany) as recommended by the manufacturer. Twenty to 40 
ng of PCR product were used in each 20-L sequencing reaction with the sequencing 
primers 1400-F (5´CTG CCC TTT GTA CAC ACC GCC CGT C-3´), ITS-03-F 
(5´CGA TGA AGA ACG YAG CGA-3´) and LSU38R (5´CGC TTA TTG ATA TGC 
TTA-3´). Nucleotide sequences were determined using the Dye Terminator Cycle 
Sequencing Ready Reaction Kit (Perkin Elmer, Foster City, CA, USA) as recommended 
by the manufacturer. Sequencing was done using an ABI Prism 377 DNA sequencer 
(Perkin Elmer). 
The F1 and F2 offspring cultures were concentrated by centrifugation and 
preserved in 70% ethanol. The DNA was extracted using the method of Fawley and 
Fawley (2004) followed by amplification of 800bp comprising ITS-1, 5.8s and ITS-2 
and using the primers MicroSSU (5´-GTG AAC CTG CGG AAG GAT C-3´) and 
DinoE (5´-CCK STT CAY CGC CRT TAC-3´). This material was used for direct 
sequencing as described above. 
Alignment and phylogenetic analyses.  
Only high quality sequences were included in the final dataset. Non-alignable 
regions were excluded before the phylogenetic analyses. The sequences from the 
present study (Table 1) were aligned with sequences from Genbank using ClustalW 
(Thompson et al., 1994) in Bioedit 7.01 (Hall, 1999). The final data set comprised 62 
strains, 25 from the present study and 37 from Genbank, with a means of 628 positions. 
Distance (neighbour-joining NJ) and maximum parsimony (MP) analysis were 
conducted using MEGA version 3.1 (Kumar et al., 2004). Neighbour-joining with 
JukesCantor correction and 1000 bootstraps were used to build the corresponding 
phylogenetic trees. Maximum parsimony was used with the close-neighbour-
interchange search algorithm with random tree addition using 1000 bootstraps. 
Phylogenetic analyses were also performed with the sequences of F1 and F2 generations 
(4 strains each). The analyses were rooted with P. inflatula (Hasle) Hasle and P. 
subcurvata (Hasle) Fryxell. 
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Electron microscopy 
For SEM analysis, organic material was removed from the samples as described 
in Lundholm et al. (2002). The remaining material was mounted on a polycarbonate 
filter. This was attached to stubs with colloidal silver, and sputter-coated with gold-
palladium. The stubs were examined in a Hitachi S-3500N microscope operating at 5 
kV. For observation of sexual stages (auxospores), cells were fixed with osmium 
tetroxide (final concentration 2% v/v), placed in a Sweenex filer holder and dehydrated 
in a graded ethanol series, critical point dried, sputter-coated with a 200-nm-thick 
chromium layer using an Edwards XE200 Xenosput magnetron sputter coater, and 
examined in a high-resolution Philips XL-30FEG scanning electron microscope at 1-2 
kV.  
Morphometric characteristics in SEM  
To confirm identification, all strains were examined for width and length of the 
valve, density of striae, fibulae and poroids, and structure of the striae on the girdle 
bands (Table 2 and 3). 
Mating experiments  
Exponentially growing strains of P. delicatissima were mixed (0.5ml from each) 
in Petri dishes (0.5 cm diameter) containing 1 ml of L1 medium. The Petri dishes were 
placed at the conditions described above. The mixed cultures were examined daily for 
presence of sexual stages using a Leica-Leitz DM-Il inverted microscope. The mating 
experiments were performed on several occasions between September and November 
2006 (Table 4). Small amounts of culture containing sexual stages were prepared for 
SEM as explained above. The offspring generations (F1 and F2) were established by 
isolation of single initial cells. From the matings, sixteen F1 strains and 14 F2 strains 
were obtained. The morphological characteristics of the offspring were measured to 
detect any differences from the parental strains (Table 3). Only 28 offspring were used 
for the morphological characterization, the other strains were used only to verify the 
viability of the offspring, and they were not maintained in culture. When differences 
were observed, the strains were re-examined after two and four months 
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Table 2. Morphometric data of Pseudo-nitzschia delicatissima strains from the present study with comparisons to literature data. 
Clade Strain Generation Origin of 
strain
Date of isolation n
B/1 ICMB-128 Parental/male Arenys 15/05/2006 49.35 ± 0.31 2.10 ± 0.22 21.00 ± 1.00 35.67 ± 1.53 8.33 ± 0.58 41.83 ± 1.61 5
B/1 ICMB-129 Parental/male Arenys 15/05/2006 57.65 ± 0.32 1.83 ± 0.14 23.13 ± 1.15 35.88 ± 1.15 9.00 ± 1.00 45.67 ± 2.83 6
B/1 ICMB-130 Parental/female Arenys 15/05/2006 41.52 ± 2.05 2.02 ± 0.38 23.50 ± 1.15 38.00 ± 2.08 9.00 ± 2.16 49.50 ± 0.71 6
B/1 ICMB-131 Parental/male Arenys 15/05/2006 54.22 ± 0.46 2.22 ± 0.14 21.20 ± 1.10 35.80 ± 1.10 9.00 ± 1.22 8
B/1 ICMB-132 Parental/male Arenys 15/05/2006 49.00 ± 6.91 1.99 ± 0.27 23.10 ± 1.41 36.60 ± 1.95 8.20 ± 0.84 9
2007 Amato et al 2.00 ± 0.14 23.10 ± 1.07 39.10 ± 0.70 7.80 ± 0.84
2006 Lundholm et 22 -61 1.60 -2.10 18 -22 35 -38 8 -11 43 -44
A/2 Ra2 Ràpita 29/03/2005 34.33 ± 2.07 1.46 ± 0.15 24.67 ± 3.06 39.33 ± 3.06 11.33 ± 0.58 51.75 ± 2.36 4
A/2 ICMB-102 Ràpita 29/03/2005 46.32 ± 0.42 2.04 ± 0.14 22.47 ± 1.25 36.00 ± 0.93 9.10 ± 0.99 52.33 ± 2.52 15
A/2 ICMB-103 Arenys 01/04/2005 38.93 ± 2.75 1.98 ± 0.51 21.75 ± 2.36 36.00 ± 4.62 11.25 ± 1.89 52.00 ± 2.16 4
A/2 ICMB-106 Pt. Olimpic 31/03/2005 41.91 ± 1.46 1.87 ± 0.18 22.13 ± 0.25 41.80 ± 2.05 11.25 ± 0.50 51.80 ± 2.05 10
A/2 ICMB-107 Pt. Olimpic 31/03/2005 42.71 ± 1.04 1.94 ± 0.20 22.25 ± 1.50 37.25 ± 1.26 9.25 ± 0.96 4
A/2 ICMB-125 Blanes 15/03/2006 36.02 ± 1.39 1.51 ± 0.17 23.40 ± 1.14 39.20 ± 1.92 9.20 ± 0.84 49.88 ± 1.84 5
A/2 ICMB-126 Arenys 15/05/2006 53.20 ± 9.23 2.26 ± 0.38 21.67 ± 0.58 35.75 ± 1.71 8.67 ± 0.58 5
A/2 ICMB-127 Arenys 15/05/2006 50.39 ± 0.46 1.70 ± 0.07 24.75 ± 0.65 40.25 ± 0.96 9.25 ± 0.96 5
A/2 ICMB-133 Blanes 16/05/2006 53.60 ± 0.35 1.89 ± 0.15 22.40 ± 1.82 37.60 ± 1.67 8.80 ± 0.84 5
A/2 ICMB-134 Blanes 16/05/2006 37.03 ± 0.26 1.94 ± 0.38 23.75 ± 0.96 38.75 ± 0.50 10.20 ± 0.84 4
A/2 ICMB-135 Blanes 16/05/2006 58.35 ± 0.56 2.66 ± 3.26 23.60 ± 1.05 38.40 ± 1.50 9.60 ± 0.71 10
A/2 ICMB-140 Blanes 16/05/2006 59.12 ± 0.90 1.64 ± 0.07 23.40 ± 1.34 39.40 ± 0.89 10.75 ± 0.96 50.00 ± 2.16 6
A/2 ICMB-141 Blanes 16/05/2006 45.34 ± 0.53 1.55 ± 0.06 21.67 ± 1.53 36.33 ± 2.08 9.67 ± 0.58 48.25 ± 1.71 4
A/2 ICMB-142 Blanes 16/05/2006 39.86 ± 0.94 1.62 ± 0.15 23.75 ± 2.87 40.00 ± 1.63 11.25 ± 0.96 50.50 ± 2.52 4
2006 Amato et al 1.60 ± 0.10 25.00 ± 1.31 42.80 ± 0.57 7.90 ± 0.75
2006 Lundholm et 76 -26 1.4 -2 19 -25 35 -39 9 -12 44 -48
2006 Fehling et al PLY1St.42A-PLY1St.48B, LY1St.61+more 1.50 -2.80 20 -30 34 -40 8 -14
ØM2, Læsø 2, Læsø 5, OFPd972, Tasm10 
AY519334, AY519335, DQ813840+more
AY519381, DQ813829, DQ813843+more
 Castel1a,  Castel2a,  BP1a, MexAa 
Poroids/ 1 µm 
means ± SD 
Striae band/10 µm 
means ± SD
Length (µm) 
means ± SD
Width (µm)      
means ± SD
Fibulae/10 µm   
means ± SD
Striae/10 µm    
means ± SD
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Table 3. Morphometric data of Pseudo-nitzschia delicatissima F1 and F2 generation 
Date of Sex Length (µm) Width (µm) Fibulae/ 10 µm Striae/ 10 µm Poroids/ 1 µm
isolation Means ± SD Means ± SD Means ± SD Means ± SD Means ± SD
F1 ICMB-F1-A1 ICMB 130X132 09/11/2006 F 82.30 ± 0.88 1.75 ± 0.10 21.70 ± 1.78 35.10 ±  0.91 8.25 ± 0.64
F1 ICMB-F1-A2 " 09/11/2006 F 67.29 ± 1.28 1.76 ± 0.09 22.20 ± 2.21 35.50 ± 0.83 7.90 ± 0.55
F1 ICMB-F1-A3 " 09/11/2006 F 76.37 ± 2.19 1.81 ± 0.08 21.86 ± 1.39 35.76 ± 1.14 9.10 ± 1.14
F1 ICMB-F1-A4 " 09/11/2006 M 68.41 ± 0.62 1.66 ± 0.09 21.60 ± 1.57 35.65 ± 1.09 8.65 ± 0.88
F1 ICMB-F1-A5 " 09/11/2006 F 78.13 ± 2.69 1.78 ± 0.12 22.40 ± 1.67 35.75 ± 1.16 8.60 ± 0.68
F1 ICMB-F1-A6 " 14/11/2006 F 84.55 ± 0.76 1.68 ± 0.13 21.20 ± 1.11 35.50 ± 0.76 8.55 ± 0.60
F1 ICMB-F1-A7 " 14/11/2006 F 79.33 ± 0.81 1.89 ± 0.06 20.95 ± 1.36 34.65 ± 0.88 8.00 ± 1.05
F1 ICMB-F1-B1 " 09/11/2006 M 82.65 ± 1.43 1.92 ± 0.08 21.05 ± 1.43 34.85 ± 0.99 8.40 ± 0.88
F1 ICMB-F1-B2 ICMB 128X130 09/11/2006 M 81.56 ± 0.90 1.95 ± 0.11 21.40 ± 1.35 35.20 ± 0.70 8.50 ± 0.89
F1 ICMB-F1-B3 " 14/11/2006 F 81.28 ± 2.49 1.72 ± 0.10 20.95 ± 1.10 35.25 ± 0.55 8.45 ± 0.89
F1 ICMB-F1-B4 " 14/11/2006 F 81.68 ± 1.21 1.80 ± 0.15 21.35 ± 1.14 35.45 ± 0.69 8.50 ± 0.76
F1 ICMB-F1-B5 " 14/11/2006 F 82.18 ± 1.35 1.76 ± 0.15 20.85 ± 1.09 35.48 ± 0.79 8.95 ± 0.69
F1 ICMB-F1-C1 ICMB 129X130 17/11/2006 M 81.01 ± 1.06 1.75 ± 0.10 21.15 ± 1.09 35.35 ± 0.49 8.45 ± 0.69
F1 ICMB- F1-C2 " 18/11/2006 M 80.11 ± 0.93 1.78 ± 0.13 21.10 ± 0.97 35.25 ± 0.64 8.85 ± 0.81
F1 ICMB-F1-C3 " 18/11/2006 M 83.22 ± 1.56 1.81 ± 0.10 21.55 ± 0.83 35.00 ± 0.73 9.05 ± 0.60
F1 ICMB-F1-C4 " 18/11/2006 F 80.90 ± 0.46 1.79 ± 0.06 21.30 ± 0.98 35.35 ± 0.75 8.45 ± 0.60
F2 ICMB-F2-A2 ICMB-F1B4XC2 05/02/2007 83.17 ± 0.91 1.86 ± 0.09 21.20 ± 0.83 35.75 ± 0.72 8.30 ± 0.66
F2 ICMB-F2-B1 ICMB-F1B5XC3 16/02/2007 87.27 ± 0.91 1.87 ± 0.09 21.20 ± 1.20 36.03 ± 0.82 8.55 ± 0.69
F2 ICMB-F2-B2 " 18/02/2007 85.94 ± 1.04 1.84 ± 0.06 21.40 ± 1.31 35.68 ± 1.62 8.68 ± 0.77
F2 ICMB-F2-C1 ICMB-F1A1XB2 23/02/2007 85.21 ± 0.80 2.21 ± 0.12 21.80 ± 0.95 35.93 ± 1.03 8.80 ± 0.70
F2 ICMB-F2-D1 ICMB-F1A2XB2 28/02/2007 77.78 ± 0.46 1.83 ± 0.11 21.70 ± 2.15 35.78 ± 0.79 8.60 ± 0.60
F2 ICMB-F2-D2 " 28/02/2007 74.95 ± 0.58 1.80 ± 0.07 21.40 ± 1.14 36.43 ± 1.14 8.60 ± 0.94
F2 ICMB-F2-E1 ICMB-F1A3XC2 05/03/2007 80.66 ± 0.78 1.94 ± 0.10 22.10 ± 1.29 35.55 ± 1.00 8.95 ± 0.76
F2 ICMB-F2-E2 " 06/03/2007 82.62 ± 1.75 2.01 ± 0.18 21.15 ± 1.46 36.15 ± 1.39 8.70 ± 0.66
F2 ICMB-F2-F1 ICMB-F1A3XB1 06/03/2007 86.08 ± 0.77 1.93 ± 0.08 20.80 ± 1.20 35.28 ± 0.82 8.50 ± 0.89
F2 ICMB-F2-G1 ICMB-F1C1XC4 19/03/2007 85.91 ± 1.89 2.03 ± 0.16 21.00 ± 1.22 35.60 ± 0.55 8.00 ± 0.71
F2 ICMB-F2-G2 " 19/03/2007 81.68 ± 2.12 1.82 ± 0.14 21.00 ± 1.87 35.80 ± 0.45 9.20 ± 0.45
F2 ICMB-F2-G3 " 19/03/2007 82.29 ± 2.25 1.93 ± 0.07 20.80 ± 0.45 35.60 ± 0.55 7.80 ± 1.30
F female, M male
Strain name Origin of strain
Gene-
ration
Capítulo 1  25
Table 4. Matrix of crosses. Number of crosses performed among the different P. delicatissima strain. Grey 
boxes= successful sexual reproduction observed; white boxes = sexual reproduction not observed. Strain in bold 
= clade A-del2, regular = clade B-del1.  
Growth rates and size reduction 
For comparison of differences in growth rates among strains, growth experiments were 
performed using batch cultures in 50-mL polycarbonate bottles, maintained at the conditions 
described above. Each experiment was done in L1 medium using Mediterranean seawater at a 
salinity of 30 psu. One mL subsamples were fixed daily in Lugols iodine and counted in a 
Sedgewick rafter cell chamber under an optical microscope (Leica-Leitz DM-Il, Leica 
Microsystems GmbH, Wetzlar, Germany) at 200-400x magnification. Exponential growth 
rates were calculated according to Guillard (1973). To describe size reduction over time, cell 
sizes of all strains were measured on an inverted microscope at 400-600x magnification using 
Video Test Size 5.0 image analysis software (Leica Microsystems). Micrographs were taken 
with a ProgRes C10 Plus digital camera (JENOPTIK Laser, Optik Systeme GmbH, Germany). 
A minimum of 30 cells was measured from each culture. Measurements were performed over 
a period of up to 30 months. 
ICMB-
101
ICMB-
102
ICMB-
103
ICMB-
106
ICMB-
107
ICMB-
125
ICMB-
128
ICMB-
129
ICMB-
130
ICMB-
131
ICMB-
132
ICMB-
133
ICMB-
135
ICMB-
140
ICMB-
141
ICMB-
142
ICMB-101 1 1 1 1 1 2 2 2 2 2 2 2 2 1 1
ICMB-102 1 5 5 2 2 2 2 1 1 4 3 2 1 1
ICMB-103 1 2 1 2 2 2 2 1 1 1 1 1 1
ICMB-106 3 2 2 2 2 1 1 2 3 1 1 1
ICMB-107 3 1 1 1 1 1 2 3 1 1 1
ICMB-125 4 1 5 1 1 1 1 1 1 1
ICMB-128 6 10 1 1 2 4 1 1 1
ICMB-129 6 2 2 2 1 1 1 1
ICMB-130 6 3 4 3 1 1 1
ICMB-131 9 6 1 1 1 1
ICMB-132 3 1 1 2 2
ICMB-133 3 6 1 1
ICMB-135 5 1 1
ICMB-140 3 3
ICMB-141 4
ICMB-142
Clade A/2  mating attempt = 103; Clade B/1 mating attempt = 46 Clad A/2-B/1mating attemp = 96 
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Results 
Phylogenetic analyses 
The phylogenetic studies of the ITS1, 5.8S and ITS2 regions of the rDNA of the strains 
isolated from the NW Mediterranean combined with all available sequences of P. 
delicatissima in Genbank revealed similar tree topologies in NJ and MP. 
Fig. 1. Neighbour-joining (NJ) tree based on ITS1, 5.8S and ITS2 of the rDNA illustrating a phylogeny of the 
some species of the genus Pseudo-nitzschia. Bootstrap values from maximum parsimony (MP) and NJ are shown 
as NJ/MP. Only bootstrap values > 50% are indicated. Sequences in grey boxes are from the present study. 
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The NJ tree is shown with the bootstraps values for both methods (Fig.1). The analyses 
supported the existence of two distinct clades of P. delicatissima with P. micropora as a sister 
clade between the two clades of P. delicatissima. The boostrap values are greater than 77, 
indicating the separation into two clades. The clades will be referred to as clade A/2 and clade 
B/1, combining the designations for the clades in Lundholm et al. (2006) and Amato et al.
(2007). The strains isolated in the present study belonged to both clades; 20 to clade A/2, and 
five to clade B/1. 
Morphological characterization of the strains 
The strains of Pseudo-nitzschia delicatissima isolated from the NW Mediterranean 
agree with the description of P. delicatissima found in the literature (Kaczmarska et al., 2005; 
Lundholm et al., 2006). The main morphological characters of 19 strains are summarised in 
Table 2; the remaining seven strains also corresponded to P. delicatissima but are not 
presented as they were not involved in the mating experiments. The cells are all characterized 
by a lanceolate shape of the valve and an overlapping region between cells ranging from 1/7 
to 1/9 of the cell. In SEM, two rows of circular poroids were always observed in each stria, 
and a central interspace was present. The morphometric characteristics of the two clades 
overlap. No significant differences were found between the two clades regarding the number 
of fibulae, striae in 10 µm and poroids in 1 µm (Student t-test).  
Sexual reproduction 
Pseudo-nitzschia delicatissima is described as heterothallic, thus strains of opposite 
mating types are needed for studies of sexual reproduction. Of the 19 strains isolated, only 
five mated and produced viable offspring (Table 3 and 4). All five strains belong to clade B/1. 
Cells of sexually compatible strains differed in length, allowing identification of passive and 
active cells during sexual reproduction. The growing auxospores and initial cells are shown in 
Fig. 2A-2F. The first sexual stages with small auxospores were observed after one dark phase 
(approximately 24 hours). Two auxospores were produced from each pairing. They were 
initially spherical but after 2-3 days expanded parallel to each other and formed two initial 
cells. Each initial cell was two or three times the length of the parental cells. Mating 
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experiments were also performed with the sixteen F1 strains. They were all sexually 
compatible and produced viable F2 generations (Table 3). Mating only occurred in clade B/1 
where all mating attempts between strains of different mating type (25 of 46) were successful 
and led to viable auxospores which developed into normal initial cells. All 103 mating 
attempts in clade A/2 and 96 attempts between clade A/2 and clade B/1 were unsuccessful 
(Table 4). 
Fig. 2. Pseudo-nitzschia delicatissima stages of sexual reproduction. Figs 2A- 2D SEM, Figs 2E-2F LM. Fig. 2A 
early auxospore; Fig. 2B-C auxospore in more advanced stage; Fig. 2D culture with two auxospore a some free 
initial cells;  Fig.2E mature initial cell within the auxospore envelope; Fig. 2F different stages of auxospore 
development.  
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Morphological characterization of the F1 generation 
All strains had similar width and the same density of fibulae and striae and all were in 
agreement with the measurements of the parental generation. Two strains of the F1 generation 
were shorter than 70 µm (67.3 and 68.4 µm), otherwise the cells were 79 ± 4.9 µm long 
(Table 3). We observed, however, that the poroids sometimes appeared different. An extra 
poroid was sometimes present, or the poroids of the two rows seemed to be partly fused (Figs 
3A, 3B and 3G). Also irregularities in the interstriae were found in which an interstria was 
split or two interstriae fused (Figs 3C to 3F).  
Figs 3 Pseudo-nitzschia delicatissima abnormalities in F1 generation, SEM. Fig. 3A abnormal pore ICMB-F1 
B2 ; Fig. 3B abnormal pore ICMB- F1B3; Fig. 3C irregularity in the stria pattern ICMB-F1C4; Fig. 3D 
irregularity in the stria pattern ICMB-F1A7; Fig. 3E irregularity in the stria pattern ICMB-F1C1; Fig. 3F  
irregularity in the stria pattern ICMB-F1C3; Fig. 3G abnormal pore ICMB-F1B5. . 
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Morphological characterization of the F2 generation 
All the morphometric measurements of the F2 generation corresponded to the ranges of 
the parental strains of clade B/1 (Table 3). Differences in morphology were, however, 
observed in i) external shape of the cells, ii) the size of the interstriae and iii) the size of the 
poroids (Table 5). 
Table 5. Morphological difference observed in F2 generation of Pseudo-nitzschia delicatissima strains.  
Morphological differences observed were thin or truncated cell apices and curved cells. 
If differences were observed to affect more than 50% of the culture, the cultures were 
followed for 2-4 months (Table 5). One of the strains, ICMB-F2A2, showed such variation in 
cell shape. The valves usually had a slight central curve that gave the whole cell a lightly 
curved form (Fig. 4A). The interstriae were very broad, and sometimes only one row of 
poroids was present. Otherwise, the poroids were larger than in the parental strains and closer 
to one another (Figs 4B and 4C). During the fourth month the cells recovered the 
lanceolate/linear form as well as the typical interstriae, and the poroids gained the parental 
appearance. Cells with a thin apex still appeared (Table 5). In other strains (ICMB-F2F1, 
F2G1, F2G2, F2G3), no constant morphological differences were found during the first 
month of culturing, but during the second month cells with one abnormally thin end occurred. 
Two strains (ICMB-F2D1 and -D2) showed variation in the size of interstriae and poroids. 
1 2 4 1 2 4 1 2 4
ICMB-F2A2 + a + a + c + + = + = =
ICMB-F2B1 = + =
ICMB-F2B2 = = =
ICMB-F2C1 = = =
ICMB-F2D1 + b = + c + + + + + +
ICMB-F2D2 + b = + c + + + + + +
ICMB-F2E1 = + c + = + =
ICMB-F2E2 = + +
ICMB-F2F1 = + c + + + +
ICMB-F2G1 = + c + + + +
ICMB-F2G2 = + c + = + =
ICMB-F2G3 = + c + = + =
a = cells w ith L form, b = cells w ith truncated apice; c = cells w ith thin apice 
months after isolation
external difference thick interstriae difference poroids
months after isolation months after isolation
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Moreover, cell ends seemed cut off (Figs 4D and 4E). The differences subsequently 
disappeared and were replaced by one abnormal thin end of the cell (Fig. 4F).  
Fig. 4. Pseudo-nitzschia delicatissima abnormality in F2 generation. Fig. 4A external difference in strain ICMB-
F2-A2; Fig. 4B robust interstriae and abnormal row of poroid ICMB-F2-A2; Fig. 4C robust interstriae ICMB-
F2B1; Fig. 4D clipped tips ICMB-F2D1; Fig. 4E clipped tips at one end of the valve ICMB-F2D1; Fig. 4F 
abnormally thin end of the cell ICMB-F2D1. 
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Phylogenetic analysis of the offspring 
The phylogenetic studies of the ITS1, 5.8S and ITS2 regions of rDNA of the parental 
and the F1 and F2 generations showed that all F1 and F2 generations belonged to cladeB/1 
(Fig. 5). Both phylogenetic analyses showed similar tree topology. Two of the offspring 
generation strains differed by longer branches.  
ICMB-F1B3
ICMB-F2E1
ICMB-131
ICMB-F1A7
ICMB-F1A1
ICMB-F2A1
ICMB-F2G1
ICMB-F1A4
ICMB-130
ICMB-129
ICMB-F2D2
MexA
no16
VPB-B3
Læso2
Tasm10
ICMB-142
ICMB-127
ICMB-141
ICMB-133
100/99
97/93
97/89
97/98
98/94
100/100
0.005
P. micropora
Clade B/1
Clade A/2
Fig. 5. Neighbour-joining (NJ) and MP tree based on ITS1, 5.8S AND ITS2 of the rDNA illustrating a 
phylogeny of the parent and the offspring Pseudo-nitzschia delicatissima clade B/1. Only values > 50% are 
shown.  
Maximum growth rates in culture 
The batch cultures grew exponentially for 5 days before entering a stationary phase that 
lasted more than 10 days (data not shown). The cells in the stationary phase retained cellular 
fluorescence but did not divide. When inoculated into fresh medium, the cells resumed 
exponential growth.  
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A general trend between the maximum growth rate and cell size was observed (Fig. 6). 
Cells between 30 and 90 µm in length showed a net growth rate below 1.0 d-1, while shorter 
cells (15-30 µm) showed higher growth rates: 1.2-2.6 d-1. The F1 and F2 generations showed 
similar growth rate when the cells were of similar size. A tendency for differences in growth 
rate between the two clades of the parental strains was observed, the strains of clade A/2 
having a higher growth rate than those of clade B/1. The number of experiments (n=7)  did 
not allow to test this statistically. 
Fig. 6. Growth rate (divisions per day) and average apical length for each strain from clade A/2, clade B/1 and 
the offspring F1 and F2. 
Size reduction 
All isolated strains of Pseudo-nitzschia delicatissima were measured over time to follow 
reduction in cell length. In general, size reduction in the parental strains was progressive 
without any abrupt changes (Figs 7A and 7D). Initially all strains were 43-57 µm long. The 
oldest strains examined (29 months old) belonged to clade A/2 had an initial length ranging 
from 39 to 59 µm. After 29 months, the final size varied somewhat between strains (25-16 
µm). The strains belonging to clade B/1had after 17 months a cell length of 16- 25 µm 
(November 2007) (Fig. 7A). All mating attempts among B/1 strains were unsuccessful after 
17 months in culture (data not shown). The size reduction for the two clade were 1.8-3.5 
0.2
0.7
1.2
1.7
2.2
2.7
0 20 40 60 80 100
µm lenght
µ 
d-
1
Generation F2
Generation F1
clade A-del2
clade B-del1
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µm/week for clade A/2 and 1.6-2.3 µm/week for clade B/2. No statistically significant 
difference in the rate of size reduction was found between the two clades. 
During the first 5 months in culture, the length of the F1 generation showed a sharp 
decline to approximately 50% of the original length (mean size reduction 8.6 µm/week) (Figs 
7B and 7D). During the next 5 months size reduction was considerably slower (mean size 
reduction 3.3 µm/week). Moreover, 6 strains died, although all strains were maintained under 
the same conditions of light, nutrient and temperature  
All F2 generation strains were alive eight months after isolation, but cell length had 
decreased to about 50% of the original length (mean size reduction 13.1 µm/week). An abrupt 
size reduction from 80-87 µm to a range of 48-34 µm appeared during the first two months 
after isolation, and cell size subsequently decreased more slowly (Fig. 7C and 7D). 
After one, two and four months, SEM observations showed abnormal cell shape, 
including indentation of the cell, resulting in a constriction in both valve and girdle view (Figs 
8A, 8B and 8C).  Other cells had very truncate (Fig. 8D) or thin end (Fig. 8E). After 
indentation of the cells, shorter cells (>30 µm) appeared in such cultures (Fig. 8F). 
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Fig. 7A. Size reduction in Pseudo-nitzschia delicatissima strains; A Clade A/2 ●, clade B/1 ○;Fig. 7B F1 
generation; Fig. 7C F2 generation. Arrows indicate the dead strains. Fig. 7D Means cell reduction of Pseudo-
nitzschia delicatissima strains. 
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Fig. 8 SEM observations of abnormal cells shape in F2 generation.Fig. 8A, 8B and 8C indentation of the cells. 
Fig. 8D. truncate end of the cells. Fig. 8E. thin end of the cells. Fig.  8F. short cell from cultured strains with 
abnormalities. 
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Discussion 
Critical examination of Pseudo-nitzschia presently requires electron microscope 
examination of ultrastructure, analysis of genetic variation and sexual compatibility. In this 
work, we studied strains morphologically identified as Pseudo-nitzschia delicatissima from 
the NW Mediterranean Sea. We sequenced the strains and made an alignment including ITS-
sequences of all P. delicatissima presently deposited in Genbank. The phylogenetic analyses 
thus comprised strains from widely scattered parts of the world. 
The alignment of the ITS rDNA sequences provided good phylogenetic resolution, and 
two genetically distinct clades of Pseudo-nitzschia delicatissima were distinguished, known 
as clade B/1 and A/2. These results agree with Lundholm et al. (2006) and Amato et al.
(2007). It confirms that P. delicatissima is a cryptic species complex comprising two 
genetically distinct species. It also shows that both genotypes are distributed worldwide. 
Amato et al. (2007) found differences in density of the striae and fibulae as well as in cell 
width and poroid density between clade B/1 and clade A/2. Our strains from the NW 
Mediterranean strains did not reveal such differences and in this respect agree with Lundholm 
et al. (2006). In Table 4 of the latter study there seems to be a difference in density of girdle 
band striae, but we did not find any difference in the present study.  
Hence due to the lack of morphological differences between the two clades, and the 
genetic differences resulting in two well separated and well supported clades, we regard the 
two clades as representing truly cryptic species. Probably the clades relatively recently 
speciated, and morphological differences have not yet appeared.  
The offspring (F1 and F2) of clade B/1 appeared in the same clade as the parental 
strains. Two F1 strains formed longer branches inside the cluster, which may perhaps be 
explained by mutations within the strains.  
The morphological abnormalities found in some of the F2 strains correspond to the 
variations in the F1 generation reported by Amato et al. (2005). Although Amato et al. (2005) 
found no significant morphometric differences between the parental F1 and F2 generations; 
they reported that truncated apices and pointed apices were present in the F1 cells. They also 
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reported that cells of the F1 generation were sometimes heteropolar (different apices). Strains 
obtained by crossing two F1 strains or an F1 and a parental strain, produced a high number of 
cells with pointed apices, along with normal cells. In contrast, we only observed heteropolar 
cells in the F2 generation. Similar to our results, Amato et al. (2005) observed only slight 
differences in the structure and arrangement of poroids. Instead of the usual two rows of 
poroids, a single row was sometimes observed. Although strains from NW Mediterranean Sea 
were more morphologically diverse in the F2 generation, the observations in both studies 
suggest a genetic plasticity of this species. Moreover, in spite of some cells being abnormal, 
the main morphological characters were constant over the generations. 
Mating experiments revealed sexual compatibility between strains of clade B/1 only. 
None of the strains in clade A/2 mated with each other and all attempts to cross clade B/1 and 
clade A/2 strains were unsuccessful. This agrees with Amato et al. (2007) who failed to find 
sexual reproduction among strains of clade A/2 (723 attempts) or between clades (more than 
133 attempts).  
However, it raises the question as to why sexual reproduction was not seen in clade A/2 
in either study although several strains were included (a total of 39 in the studies combined) 
and several attempts were made (826 in both studies combined). Does sexual reproduction in 
this clade only appear under certain environmental conditions? Does an endogenous clock 
play a role in regulating sexual reproduction? In our study, strains of clade A/2 were isolated 
from different locations of the coast and during different seasons. When the mating 
experiments were performed, we assume that strains of the two clades were in similar 
physiological conditions since they were growing exponentially and had approximately the 
same length, conditions assumed to be indispensable for mating success. Another explanation 
for the lack of reproduction could be that the size window for sexual reproduction in this 
clade is below the size we have in culture. During our mating experiments, the cells of the 
two clades had similar cell size and probably similar physiology. It is difficult completely to 
exclude that the two clades did not mate due to the environmental conditions prevented 
mating as we did not observe any mating among the clade A/2 strains. The lack of mating 
between clades is probably a result of barriers in sexual reproduction between clades, /cryptic 
species. 
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Both phylogenetic, morphological and mating data support the two clades to represent 
separate cryptic species. We find no need to describe them formally as separate species as 
they can be designated A/2 and B/1 and we will hence keep referring to them in this way. 
The observations of cell reduction in clade A/2 showed that, in general, cell length 
reduced more slowly than in strains of clade B/1. The difference in size reduction with time 
could be related to the absence of sexual reproduction in clade A/2. Perhaps the cells undergo 
sexual reproduction less frequently than in clade B/1 (an endogenous clock?) and the size 
therefore decreases more slowly.  
Apart from the rapid size reduction in clade B/1, the daughter generations of this clade 
showed an abrupt initial size reduction, followed by a more slow size reduction, comparable 
to the size reduction observed in the parental strains. To our knowledge, such an abrupt size 
reduction in the genus Pseudo-nitzschia is only known in P. pungens (Chepurnov et al. 2005). 
However, further evidence for the abrupt size reduction such us chloroplast division and 
formation of valves of different lengths were not observed. 
In general, the growth rates of our F1 and F2 strains were low (below 1 d-1) in cells 
longer than 30 µm, and higher in smaller cells. The highest growth rates were recorded in the 
parental strains, which were also smaller in size. In general, cell size and not the generation 
affiliation were important characteristics of the growth rates (Fig. 6). The growth rates 
observed were lower than in the study by Amato et al. (2005) who also found a more gradual 
reduction with cell length. However, experimental conditions for estimation of growth rates 
differ in the two studies (Ferris wheel versus still cultures). A slower growth rate for larger 
cells is a common finding supported by the general allometric rule that the larger the body 
biomass, the slower the metabolic rate (Martin and Palumbi, 1993; Brown et al., 2004). Our 
analysis of the data showed non-linear relation between cell size and growth rate, mainly due 
to the F1 and F2 generations differing from those of Amato et al. (2005). Moreover, the 
physiology of the offspring generation showed differences to the parents.  
Since no linear relationship was found between the growth rate and cell size, we 
hypothesise that parental strains have the ability to change between a rapid growth rates when 
the environmental conditions are adequate and a slow growth rate when conditions are less 
favourable. This may be a strategy in their life cycle that serves to maintain the populations. 
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An ecological study of Pseudo-nitzschia delicatissima from Alfacs Bay demonstrated the 
capacity for fast growth at different seasons, and the maintenance of blooms with high cell 
densities for two months (Quijano-Scheggia et al., 2008).  
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Homothallic axusporulation in Pseudo-nitzschia brasiliana 
(Bacillariophyceae) 
Abstract 
Most pennate diatoms are allogamous and various types of mating systems have 
been described. In Pseudo-nitzschia, reproductive stages have been identified in some 
species, and it is generally accepted that the genus is mainly heterothallic. Here we 
report homothallic auxosporulation of Pseudo-nitzschia brasiliana. To our knowledge, 
this is the first verified description of homothallic sexual reproduction in the genus. 
Auxospore formation was observed in all 16 subclones derived from three initial clonal 
cultures of P. brasiliana. Pairing was followed by production of two gametes per 
gametangium, which fused to give two zygotes. Each zygote (early auxospore) was 
initially spherical and adhered to one girdle band of the parental frustule. The two 
auxospores tended to expand parallel to each other and perpendicular to the parental 
frustule. Elongation was synchronous, slightly asynchronous, or totally asynchronous. 
The entire process of sexual reproduction, from gamete formation to the appearance of 
the initial vegetative cells, took 24 days. The occurrence of sex in a heterothallic 
species seems an advantageous life strategy for this species. Our hypothesis is that P. 
brasiliana is able to persist along the Spanish NW Mediterranean coast, despite its 
sparse distribution and low numbers, because sexual reproduction is homothallic: any 
encounter between cells of the right size class is potentially sexual.  
Introduction 
Complex life cycles are a general feature of the large majority of phytoplanktonic 
algae that include a variety of morphologically and physiologically distinct stages. The 
occurrence and dynamics of these organisms are determined by several different 
reproductive and survival strategies, such as a sexual phase, the formation of resistant 
stages, and switches in growth capabilities. Clearly, the ability to shift between different 
life-cycle stages in response to physical, chemical, and biological changes in the 
environment greatly influence the success of a species. While one of the current 
challenges is to understand the nature of these shifts, the prerequisite identification of an 
organisms different life-cycle stages is often difficult. 
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Several key features of the life cycles of many diatoms have nonetheless been 
well-documented (Drebes, 1977; Round et al., 1990; Mann, 2002; Chepurnov et al., 
2004). These include the observations that: i) a populations average cell size decreases 
during vegetative growth and mitotic cell division; ii) the vegetative phase is diploid; 
iii) cell size is restored via the development of a special growth stage, the auxospore; iv) 
meiosis, gametogenesis, and fertilization immediately precede auxosporulation; v) 
pennate diatoms are morphologically isogamous, with non-flagellate gametes; vi) the 
transition from vegetative cell to potentially sexual cell is controlled by cell size. In 
addition, vegetative enlargement has been reported in a few centric diatoms, i.e., 
Ditylum brightwellii (West) Grunow (von Stosch, 1965; Koester et al., 2007), 
Leptocylindrus danicus Cleve (French and Hargraves, 1985), and Skeletonema costatum
(Greville) Cleve (Gallagher, 1983), and in the pennate diatom Achnanthes (Chepurnov 
and Mann, 1997). Few species, however, have been observed throughout their entire life 
cycle, and even fewer have been studied during the sexual phase itself or during 
auxosporulation. Thus, there remains a need for detailed studies of the reproductive 
biology of diatoms, including their life cycles, patterns of sexual reproduction (mating 
behavior), and breeding systems, as this information is essential for maintaining culture 
collections of these organisms. 
The assumption (e.g. Drebes 1977) that diatoms are almost always homothallic 
has been disproved by recent studies of pennate diatoms (Davidovich and Bates, 1998; 
Mann, 1999; Chepurnov et al., 2004), in which various types of mating systems have 
been described, according to whether clones are unisexual, bisexual, freely in- and out-
breeding, obligately self-fertilizing, or asexual (Chepurnov and Mann, 1997, 1999; 
Chepurnov and Mann, 2000). Superimposed on this is variation in gamete behavior 
(physiological anisogamy vs. isogamy). Among allogamous pennate diatoms, a broad 
distinction can be made between those that are heterothallic, in which sexual 
reproduction can take place only if cells of different, compatible strains are present, and 
those that are homothallic. Monoclonal cultures of heterothallic species are unable to 
complete the life cycle and the cells will diminish in size to the extent that they become 
nonviable (Chepurnov et al., 2004). Thus, to maintain such cultures, crossing 
experiments to restore cell size must be carried out. In allogamous species, it is the 
gametangianot the gametesthat initially copulate. There are also autogamous and 
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paedogamous pennate diatoms, in which copulation takes place between nuclei or 
gametes, respectively, within single unpaired gametangia. 
Table 1. Life cycle of Pseudo-nitzschia species
Sexual reproduction has been described in Pseudo-nitzschia multiseries
(Kaczmarska et al., 2000), P. calliantha identified as P. pseudodelicatissima
(Davidovich and Bates, 1998; Bates and Davidovich, 2002), and P. delicatissima
(Amato et al., 2005) (see references in Table 1). Almost all species of Pseudo-nitzschia
have a heterothallic (dioecious) allogamous mating system. In 1991, Fryxell et al. 
described the reproductive history of P. subcurvata, reported as Nitzschia subcurvata
(Fryxell et al., 1991). Based on their results, it can be inferred that this species is 
homothallic, since auxospores were observed in what was apparently a monoclonal 
culture, in the absence of crossing experiments. Lundholm (2002) briefly reported the 
appearance of enlarged cells in P. brasiliana but gave no details of how they were 
formed. These studies are the only reports thus far that might indicate the existence of 
homothally in the genus Pseudo-nitzschia and they remain unconfirmed. 
In all cases where the process has been studied in sufficient detail, sexual 
reproduction of Pseudo-nitzschia is allogamous and behaviorally anisogamous: both 
gametes of one of the gametangia are active, whereas the gametes of the other 
Life history
Auxosp
P. calliantha  (reported as P. 
pseudodelicatissima)
+ (Davidovich and Bates, 1998)
P. calliantha pse 3 + (Amato et al,  2007)
P. calliantha pse 4 + (Amato et al , 2007)
P. delicatissima clade del1 + (Amato et al. , 2005, Amato et 
al. , 2007)
P. dolorosa del 3 + (Amato et al ., 2007)
P. multiseries + (Davidovich and Bates, 1998, 
Kaczmarska et al . 2000)
P. multistriata + (D'Alelio et al.  2006)
P. pseudodelicatissima ps1 + (Amato et al. , 2007)
P. pungens + (Chepurnov et al. , 2005)
P. pungens clade I + (Casteleyn et al . 2008)
P. pungens clade II + (Casteleyn et al . 2008)
Species References
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gametangium are immobile. Gamete fusion therefore occurs within the confines of the 
passive gametangium. This cis-type of behavioral anisogamy corresponds to the 
IA2-type of auxosporulation in Geitlers (1973) classification system.  
In the present study, we give the first detailed account of homothallic 
auxosporulation in a Pseudo-nitzschia species, P. brasiliana. 
Materials and methods 
Sample collection, cell isolation, and cell culture. The strains were isolated from 
water samples collected from the Olympic Harbor of the NW Mediterranean Sea (Fig. 
1). Three clonal cultures (ICMB-172, ICMB-175, and ICMB-176) were established 
from vegetative cells maintained in L1 medium (Guillard, 1975). To ensure that the 
strains were clonal, these three initial cultures were re-isolated, yielding ten cultures 
from ICMB-172, three from ICMB-175, and three from ICMB-176 (Table 2). The 
strains were incubated at 1921 ± 1ºC with a light:dark cycle of 12:12 h. Illumination 
corresponding to a photon irradiance of 100 μmol photons m-2 s-1 was provided by 
fluorescence tubes (Gyrolux, Sylvania, Germany). 
Table 2. Morphometric characteristic of Pseudo-nitzschia brasiliana (n=10) 
lenght µm width µm Fibulae 10 µm Striae 10 µm Poros 1 µm Re-isolation
ICMB-172 32.03 ± 0.64 3.06 ± 0.21 23.3 ± 0.95 23.6 ± 0.9 8.2 ± 0.63 10 strain ICMB-178 to185
ICMB-175 33.98 ± 0.68 3.03 ± 0.22 23.3 ± 1.42 24.2 ± 0.92 7.6 ± 0.63 3 strain ICMB-186 to 188
ICMB-176 28.62 ± 0.63 2.81 ± 0.18 22.0 ± 1.33 22.2 ± 1.73 8.1 ± 0.74 3 strain ICMB-189 to 191
Lundholm, 02 12 -65 1.8 -3 20 -26 20 -26 7 -10
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Fig. 1. Map of Spain showing the location of Olympic Harbor, NW Mediterranean Sea. 
Morphological characterization 
Light microscopy. Unfixed and fixed cultures were examined under a Leica-Leitz 
DM-IRB inverted microscope (Leica Microsystems GmbH, Wetzlar, Germany) and 
micrographs were taken with a ProgRes C10 Plus digital camera (JENOPTIK Laser 
Optik Systeme GmbH, Germany). Cell size was measured at 400600× magnification 
using Video Test Size 5.0 image analysis software (JENOPTIK). 
Scanning electron microscopy. Cultured samples of Pseudo-nitzschia brasiliana
were processed to eliminate organic material, as described in Lundholm et al. (2002). 
The material was first mounted on a polycarbonate filter that had been attached to stubs 
with colloidal silver and then sputter-coated with gold-palladium. Samples processed in 
this way were screened using a Hitachi S-3500N (Nissei Sangyo Co. Ltd., Tokyo, 
Japan) scanning electron microscope operated at 5 kV. 
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Mating experiments.  Samples (0.5 ml each) were withdrawn from exponentially 
growing clones of P. brasiliana and mixed in Petri dishes (0.5 cm diameter) containing 
1 ml of L1 medium. The Petri dishes were incubated under the same conditions as the 
cultures. The mixed cultures were examined daily using a Leica inverted microscope to 
identify the presence of sexual stages. Mating experiments involving intra- and inter-
clones were carried out on 25 occasions between August and October 2007.  
Auxospore observation. Auxospores from the ICMB-172 culture were isolated 
with a micropipette, transferred to a filter holder, and fixed for 2 h in 2% glutaraldehyde 
(Sigma-Aldrich). The fixed cells were subsequently washed for 2 h with distilled water, 
filtered onto a Nucleopore filter (pore size of 8 µm; Whatman, Maidstone, UK), and 
dehydrated in an ethanol series (30, 50, 70, 96, 100%) for 15 min per change followed 
by two rinses in 100% ethanol. Samples were critical-point dried in liquid CO2 using a 
BAL-TEC CPD 030 critical-point drying apparatus. The filters were then glued to SEM 
stubs with colloidal silver, sputter-coated with gold-palladium, and examined with a 
Hitachi S-3500N scanning electron microscope operating at 5 kV. 
DNA extraction, PCR amplification and sequencing 
All samples for sequencing were obtained from 15 ml of pure non-axenic cultures. 
DNA was extracted with the DNeasy® Plant Kit (Qiagen) following the manufacturers 
protocols, with the exception of a smaller elution volume of 25 µl. Nuclear-encoded 
ribosomal DNA including the ITS-1, 5.8S, and ITS-2 regions was amplified with the 
primers MicroSSU (5´-GTGAACCTGCG-GAAGGATC-3´) and Dino E (5-
CCKSTTCAYTCGCCRTTAC-3) in 25-µl reaction tubes containing 1× polymerase 
buffer (Invitrogen), 1.5 mM MgCl2, 400 µM dNTPs, 2 µM of each primer, and 1 U Taq 
DNA polymerase (Invitrogen). All of the amplifications were carried out in an 
Eppendorf MasterCycler using a program of 40 cycles of 30 sec at 94ºC and 30 sec at 
54ºC, followed by 1 min at 72ºC with a pre-cycling incubation of 5 min at 95ºC and a 
post-cycling incubation of 5 min at 72ºC. The resulting amplicons of approximately 800 
bp were cloned into the vector pCR2.1-TOPO (Invitrogen) for growth in Escherichia 
coli DH5α. Transformant bacterial clones were screened by PCR using the primers and 
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conditions detailed above. One positive transformant clone representative of each 
isolate was selected and these clones were submitted to a private company for 
bidirectional sequencing (Sistemas Genómicos, Valencia, Spain). The sequences were 
analyzed using a BLAST search, with no a priori knowledge of the morphometric 
characteristics or the possible identities of the cells. 
Table 3. Psuedo-nitzchia sp involved in the present study 
Alignment and phylogenetic analyses.  
The sequences from the present study (Table 3) were aligned with sequences from 
Genbank (refer to accession numbers) using ClustalW (Thompson et al., 1994) in 
Bioedit 7.01 (Hall, 1999). Non-alignable regions were excluded before phylogenetic 
analyses. The final data comprised 30 strains and 937 positions. Phylogenetic analyses 
were conducted using MEGA version 3.1 (Kumar et al., 2004). Distance matrix in 
neighbour-joining (NJ) with Jukes-Cantor model analyses was conducted.  
Pseudo-nitzschia species Strain designation Origin Isolator Accession number
P. brasiliana ICMB-172 P.Olimpic, Spain S. Quijano-Scheggia EU327364
P. brasiliana ICMB-175 P.Olimpic, Spain " EU327365
P. brasiliana ICMB-176 P.Olimpic, Spain " EU407608
P. brasiliana Xt3C Van Phong Bay, Vietnam J. Skov DQ062662
P. delicatissima 27-02, del1 Napoles, Italy L.Orsini AY519336
P. delicatissima 63-01 Napoles, Italy " AY519286
P. delicatissima 45-01 Napoles, Italy " AY519309
P. delicatissima 129-01 Napoles, Italy " AY519347
P. delicatissima 14-V Vigo, Spain unknow AY764136
P. delicatissima Ra3 La Rapita, Spain S. Quijano-Scheggia DQ990363
P. calliantha B4 La Rapita, Spain R. Venail DQ530620
P. calliantha B3 La Rapita, Spain R. Venail DQ530621
P. calliantha TA-1 Thuan An, Central Vietnam J. Skov AY257855
P. calliantha DS2 Do Son, North Vietnam " AY257856
P. calliantha 24 La Rapita, Spain S. Quijano-Scheggia DQ990359
P. fraudulenta Ar3 Arenys, Spain " DQ990366
P. fraudulenta Limens1 Limens, Spain K.Grostol/N.Lundholm AY257840
P. fraudulenta PLY1St.11D Firth of Lorne, UK J. Fehling AM118038
P. fraudulenta PLY1St.12A Firth of Lorne, UK " AM118039
P. fraudulenta PLY1St.15A Firth of Lorne, UK " AM118040
P. multistriata Korea A ChinhaeBay, Korea E. Cho AY257843
P. multistriata CM3 Tarragona, Spain S. Quijano-Scheggia DQ990369
P. pungens PO3 P.Olimpic, Spain " DQ990370
P. pungens ICMB-143 Blanes,  Spain " EU327366
P. pungens ICMB-148 Blanes,  Spain " EU327367
P. pungens NZ-74 S. Pacific, New Zeland unknow AM778817
P. pungens - NW Pacific, China " AY544769
P. pungens - NW Pacific, Vietnam " DQ166533
P. pungens US-123/d NEPacific, USA " AM778808
Phaeodactylum tricornutum Pt10 Dalian, Yellow Sea DQ655656
Capítulo 2           51
          __ 
Growth rates and size reduction 
Growth rates were determined for the three strains in L1 medium (Guillard and 
Keller, 1984) prepared in filtered seawater with a salinity of 30. Each day, 1-mL 
subsamples were fixed in Lugols iodine and the cells were counted in a cell chamber 
using optical microscopy (Leica-Leitz DM-Il, Leica Microsystems GmbH, Wetzlar, 
Germany) and a 200400× magnification. Cell density was used to calculate 
exponential growth rates according to the method of Guillard (Guillard, 1973). The 
growth rate of each flask culture was estimated using data from days 18, 
corresponding to the exponential growth phase. A reduction in cell size during the 
culture period was confirmed by measuring the sizes of cells from each of the strains 
using an inverted microscope with a 400600× magnification together with Video Test 
Size 5.0 image analysis software (Leica-Leitz DM-Il, Leica Microsystems GmbH, 
Wetzlar, Germany). Micrographs were taken with a ProgRes C10 Plus digital camera 
(JENOPTIK). Cell measurements were obtained from a minimum of 30 organisms per 
culture. 
RESULTS 
Morphometric characteristics 
Clones identified as Pseudo-nitzschia brasiliana were further characterized by 
light microscopy as linked chains with an overlap of 1/81/11 of the cell length. Each 
cell contained two yellow-brown chloroplasts, which were located along the cell wall. 
The valves had straight margins and rounded ends. The raphe was eccentric and not 
interrupted by a central nodule. The morphometric characteristics of our strains agree 
with those described by Lundholm (2002) (Table 2, Fig. 2).  
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Fig. 2. Light (A) and scanning electron (BD) microscopy of Pseudo-nitzschia brasiliana shows: A two 
cells in a chain in a girdle view; B whole valve; C central portion of the valve, mantel, and poroid; D 
valve copula with larger poroid (VC), second (II) and third (III) cingular bands. 
Phylogenetic analyses 
Phylogenetic studies were carried out in which sequences from the ITS1, 5.8S, 
and ITS2 regions of rDNA from strains of Pseudo-nitzschia sp. isolated from the NW 
Mediterranean Sea were compared with sequences previously deposited in GenBank. 
Distance matrix in neighbour-joining tree is shown in Fig. 3. The NW Mediterranean Sea 
P. brasiliana sequence was similar to that of P. brasiliana strain Xt3C from Vietnam. 
P. brasiliana strains formed a clade with P. pungens, whereas P. delicatissima, P. 
calliantha, P. fraudulenta, and P. multistriata grouped together in another sister clade. 
Three sequences of strains of P. pungens of NW Mediterranean Sea were similar to 
those of P. pungens described as a clade I by Casteleyn et al. 2008. 
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Fig. 3. Neighbour-joining phylogenetic tree of several species belonging to the genus Pseudo-nitzschia, 
based on ITS5.8S rDNA sequences. The names enclosed in a grey box indicate ITS5.8S rDNA 
sequences from the NW Mediterranean Sea strains; sequences of the other strains were obtained from 
GenBank. 
Growth rate and size reduction 
Growth rates and cell yields of the strains examined in this study are presented in 
Table 4. The extent of the size reductions of cells derived from the three original clonal 
cultures (strains ICMB-172, -175, and -176) are shown in Fig. 4. During 11 weeks in 
culture, the cells decreased in size by an average of 1314%. 
Table 4.  Growth rate of Pseudo-nitzschia brasiliana
Growth rate (d-1) Cell yield
ICMB-172 0.83 2.90E+08
ICMB-173 0.78 8.83E+08
ICMB-174 0.31 2.62E+08
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Fig. 4. Size reduction pattern (average and standard deviation) in initial strains ICMB-172, -175, and -176 
of Pseudo-nitzschia brasiliana.
Sexual reproduction 
Auxospores were formed in all clonal cultures of P. brasiliana and were observed 
when the cell abundance exceeded 104 cells L-1. One of the two gametangia produced 
two active gametes while the other produced two sessile ones. The zygotes (early 
auxospores) were initially spherical (Fig. 5A and B) and adhered to one cingular band 
of the parental frustule, probably by mucous material (Fig. 5C and D). The two 
auxospores tended to expand in parallel to each other and perpendicular to the parental 
frustule (Fig. 5E, F, and G). Elongation of the two auxospores was either synchronous 
(Fig. 5E), slightly asynchronous (Fig. 5F), or totally asynchronous (Fig. 5G). The 
auxospores had cap-like structures on their tips (perizonial caps), which represented the 
remnants of the wall secreted by the zygote. These caps persisted until formation of the 
initial vegetative cell (Fig. 5H, I, and J) and contained a small amount of silica (SEM 
microanalysis data not shown). In addition, the caps were eversible (Fig. 5J). 
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Observations of the scales in the auxospore were done, but we could not identify scales 
described in other species. 
Fig. 5. Stages of sexual reproduction by Pseudo-nitzschia brasiliana. A Light microscopy image of an 
early auxospore. BJ Scanning electron microscopy image of: B early auxospore; C early-stage 
auxospore adhering to the parental frustule; D two early auxospores adhering to the parental frustule; EG 
different stage of auxospore development; HJ cap-like structures of the auxospore. 
In the middle of each auxospore, there was an expansion of the perizonial bands 
(Fig. 5E), with the number of these bands in a fully expanded auxospore ranging from 
60 to 83, depending on the size of the auxospore. In general, there was approximately 
one band per 1 µm. A longitudinal perizonium was not seen, although its presence 
cannot be ruled out.  
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Wiry strips were evident from the gametangia (Fig. 5B, D, G, I).  The wiry strips 
probably come from to the cingular band which is in contact to the valvocopula. 
The entire process of sexual reproduction, from gamete formation to the 
appearance of the initial vegetative cells, took 24 days. Auxospores were also formed 
in mixtures of different clones: no difference was observed between the number of 
auxospores produced in monoclonal cultures and those produced in crossing 
experiments of the strains, nor in the characteristics of the sexual process. 
No differences were observed between the numbers of auxospores produced in 
experiments involving intra- vs. inter-clones (t-student statistical test not significant, 
data not shown). Auxosporulation took place by the same process, regardless of whether 
reproduction was intra- or inter-clonal. 
Discussion 
Sequence data from the ITS-1, 5.8S, and ITS-2 regions were used to confirm the 
light and electron microscopic identification of P. brasiliana. The NJ tree is consistent 
with previous phylogenies of the genus Pseudo-nitzschia Lundhom et al. (2002), and 
the location of P. brasiliana is well supported and confirm their identification. Due to 
the heterogeneity (intraspecific variation) existent in the species P. pungens, it is 
noteworthy that sequences of the strains of P. pungens of NW Mediterranean 
corresponded to clade I of Casteleyn et al. 2008. Those sequences are presented in this 
study for the first time. 
Cultures of Pseudo-nitzschia brasiliana from the Mediterranean Sea freely 
undergo auxosporulation in monoclonal culture, at rates equivalent to those in two-
clone mixtures. They are therefore homothallic. While the formation of large cells in 
clonal cultures of P. brasiliana was described by Lundhom et al. (2002), 
auxosporulation was not directly observed; it can now be surmise that it involved 
homothally, as in our material. 
Auxospore formation occurred in all clonal cultures of P. brasiliana re-isolated 
from the initial cultures. Moreover, no difference was observed between the numbers of 
Capítulo 2           57
          __ 
auxospores produced in experiments involving intra- vs. inter-clones. However, since 
only 3 initial clones were isolated, we cannot exclude out that strains could be of the 
same mating type. Some diatoms are facultative inbreeders, rare intraclonal 
reproduction takes place in clones, but intense sexual activity is initiated only when 
opposite mating types are brought together (Chepurnov and Mann, 2000; Amato et al., 
2005)  The slight reduction in cell size over time supported the evidence for the 
occurrence of sexual events in the cultures. Lundholm et al. (2002) reported a maximum 
cell size of 60 µm in clonal cultures of P. brasiliana. However, this maximum was not 
reached by cells in our cultures; instead, we found that cell size was maintained, with 
only a very slight reduction compared to other Pseudo-nitzschia species which showed 
a sharp decline to approximately 50% of the original length during the first two months 
after isolation due to the abrupt size reduction (Quijano-Scheggia et al., in press). The 
ability of the cells to maintain a relatively consistent cell size preserved the viability of 
the cultures for longer than usual. 
The differences observed in the growth of two sister auxospores could be due to a 
usual pattern or in the extreme case, one of the auxospore died. Abortion of one 
auxospore is very frequent in some of diatoms cultures (Chepurnov and Mann, 2000; 
Mann et al., 2003; Chepurnov et al., 2004). Whether this phenomenon is because of 
culture conditions or natural (e.g. through formation of non-viable genotypes) is not 
determined.  
The observation of SEM of the auxospore of P. brasiliana allowed us to conclude 
that P. brasiliana has caps that are derived from the zygote wall; the caps contain silica 
and this is probably consistent with the discovery of scales in the coverings of zygotes 
and putative gametes in Nitzschia (Mann, 1986)and Pseudo-nitzschia (Kaczmarska et 
al., 2000). In this study, we did not observed scale in P. brasiliana. 
The auxospore development pattern in P. brasiliana is similar to that described in 
P. delicatissima reported by Amato et al 2005 The wiry strips also were described in the 
last species and probably are the girdle bands from the gametangia. 
The genus Pseudo-nitzschia is thought to be mainly allogamous, with obligatory 
sex and auxosporulation representing stages of its life cycle; however, sexual events in 
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this species have been reported only scarcely. Other pennate diatoms are known to 
exhibit a complex variety of mating systems. For example, clones obtained from the 
marine raphid Achnanthes longipes (Chepurnov and Mann, 1999; Chepurnov and 
Mann, 2000) were monoecious, unisexual, or bisexual. In that species, patterns of 
incompatibility and inbreeding depression were observed, as was a tendency for the 
replacement of normal auxosporulation, in which two auxospores per gametangia pair 
are produced, by reduced or intermediate auxosporulation, resulting in one 
auxospore per pair. By contrast, in Fragilaria delicatissima Proshkina-Lavrenko, there 
was no sign of inbreeding depression during five successive inbred generations 
(Roshchin, 1994 cited in Chepurnov and Mann, 2000). More studies are needed in the 
genus Pseudo-nitzschia to confirm the presence of a variety of mating systems. 
From an ecological point of view, sex may be less energetically costly in 
homothallic species as in heterothallic ones. In the former, it is not necessary to waste 
energy finding a compatible mating type, such that sexual events could be more 
frequent within a given population. The occurrence of sex in a heterothallic species 
requires that the following conditions are met: i) sexually compatible mating types must 
be present simultaneously, ii) they must both be in the correct stage of the life cycle 
(within the window for sex), and iii) both must be present in sufficient densities to 
allow mating. These three criteria are probably easily fulfilled in organisms that are 
seasonally very abundant, but not in species that never achieve high population 
densities. Our hypothesis is that P. brasiliana is able to persist along the Spanish NW 
Mediterranean coast (Quijano-Scheggia et al., 2005), despite its sparse distribution and 
low numbers, because sexual reproduction is homothallic: any encounter between cells 
of the right size class is potentially sexual. It will be interesting to see whether most 
other habitually rare pennates are also homothallic or automictic. 
(Amato et al., 2005; Chepurnov et al., 2005; D'Alelio et al., 2006; Amato et al., 2007; Casteleyn et al., 2008) 
(Geitler, 1979) (Geitler, 1973; Lundholm et al., 2002) (Sabbe et al., 2004) 
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Pseudo-nitzschia species in the Catalan Coast: characterization and 
contribution to the current knowledge of genus distribution in the 
Mediterranean Sea 
Abstract 
Proliferations of the genus Pseudo-nitzschia recur along the Catalan coast 
(NW Mediterranean) throughout the year. Despite the prevalence of these species, 
the inability to culture Pseudo-nitzschia has, until now, impeded correct 
identification and characterization of its member species. In the present study, 72 
strains were isolated from the Catalan coast. The establishment of clonal cultures 
facilitated investigations of their growth rates and toxicities, as well as comparisons 
by light and electron microscopy, internal transcribed spacer and 5.8S rDNA 
nucleotide sequencing, and toxicity analyses. The results of phylogenetic studies 
confirmed that all strains were members of the genus Pseudo-nitzschia and ten 
different Pseudo-nitzschia species were identified:  P. brasiliana, P. calliantha, P. 
delicatissima, P. fraudulenta, P. galaxiae, P. linea, P. multistriata, and P. pungens. 
The identification of the strains from the Catalan Coast were examined and analysed 
together with reports of Pseudo-nitzschia spp. from elsewhere in the Mediterranean 
Sea. The distributions of the Pseudo-nitzschia species in the Mediterranean Sea were 
shown and led to the following observations: i) diversity within the genus Pseudo-
nitzschia in the Mediterranean Sea is much greater than previously considered, ii) 
some species have a broad distribution; iii) whereas the distribution of others is 
narrowly restricted, and iv) that of others is extreme in its range (i.e. from the Greek 
Coast to the NW Mediterranean). Morphological studies coupled with systematic 
molecular biological, breeding data, and biogeographic distribution analyses provide 
a critical theoretical basis for testing and/or implementing the current phylogenetic 
framework. 
Introduction 
The correct identification and characterization of species, important aspects of 
biological studies, including those which focus on distribution and biogeography, 
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are a critical component of ecological investigations. For phytoplankton species, 
however, biogeographic descriptions have so far been limited by the variable 
degrees of intra-specific diversity with respect to morphological features, 
physiological performances, and life cycles. Recent studies have confirmed the need 
to re-evaluate the concept of species in diatoms by using a holistic approximation. 
For example, morphology, sexual reproduction, and gene sequences are three 
complementary focal points by which relevant taxonomic information regarding 
diatoms can be obtained. However, the principal diagnostic characters of 
morphology are metric (e.g., size as well as stria and fibula density) and 
measurements have revealed considerable overlap between taxa. This has made 
taxon delimitation somewhat arbitrary and species determinations difficult (Mann et 
al., 1999; Lundholm and Moestrup, 2006; Amato et al., 2007). The concept of 
morphospecies is therefore an inadequate basis for assessments of the ecology, 
distribution, and biogeography of diatom populations and the existence of cryptic 
and pseudo-cryptic species is likely.  
Marine planktonic diatoms of the genus Pseudo-nitzschia are responsible for 
amnesic shellfish poisoning (ASP) events worldwide through the production of the 
neurotoxin domoic acid (DA) (Bates et al., 1989). As in other phytoplankton groups, 
the genus Pseudo-nitzschia exhibits high genetic diversity and forms complex 
genetic groups (Parsons et al., 1999; Stehr et al., 2002; Lundholm et al., 2003; 
Lundholm et al., 2006; Amato et al., 2007). High levels of genetic diversity have 
been found among isolates of P. calliantha, P. delicatissima, P. multiseries, and P. 
pungens (Evans et al., 2004; Evans et al., 2005; Lundholm et al., 2006; Amato et al., 
2007; Casteleyn et al., 2008). Assessment of the species biogeography of Pseudo-
nitzschia has thus been hindered due to the inability to accurately identify its 
member species and has emphasized the need for phylogenetic analyses and studies 
of the successful sexual reproduction of its member species (biological species 
concept). 
Molecular analyses have examined different areas of the Pseudo-nitzschia
genome, such as the hypervariable domains D1–D3 of the 28S rDNA (LSU), the 
internal transcribed spacers (ITS-1 and ITS-2) of rDNA, and the plastid gene, 
encoding the large subunit of Rubisco (rbcL) (Lundholm et al., 2003; Lundholm et 
Capítulo 3  66
al., 2006; Amato et al., 2007; Evans et al., 2007; Casteleyn et al., 2008). Together, 
the results suggested that phytoplankton biodiversity has been underestimated and 
boundaries between species should be reviewed.   
Pseudo-nitzschia sp. is a pennate diatom that reproduces asexually, cycling 
through a miniaturization process in which there is a progressive decrease in cell 
size through successive divisions. The organisms recover their original size in the 
process of sexual reproduction, which consists of meiosis, gamete fusion, and the 
formation of auxospores, during which the cells reach their maximum length (Round
et al., 1990; Chepurnov et al., 2004). The genus is mostly heterothallic and opposite 
mating types must come together for sexual reproduction to occur. The failure to 
realize sexual reproduction would cause the eventual death of the strain. Therefore, 
the mating compatibility between strains could serve as proof of the concept of 
species while molecular characterization would enable discrimination between 
cryptic and pseudo-cryptic species.  
Phylogenetic and reproductive investigations require laboratory cultures of the 
organisms under study. But, extrapolating the information gained from a single 
strain to the entire species or population can be ambiguous; instead, multiple and 
recently isolated strains must be considered. Moreover, knowledge of the 
reproductive biology of diatoms, including their life cycles, patterns of sexual 
reproduction (mating behaviours), and breeding systems, would allow culture 
collections of these organisms to be maintained. 
In this study, a multidisciplinary approach was used to elucidate the taxonomic 
identity of Pseudo-nitzschia species present along the Catalan Coast during the 
period 2005–2007. Based on the results obtained, the species distribution of Pseudo-
nitzschia in the Mediterranean Sea has been revised and discussed herein together 
with biogeographical considerations. Moreover, our observations on the taxonomy 
and physiology of these organisms will contribute to a better understanding of the 
underlying ecological aspects of the genus.  
Material and methods 
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Sample collection 
Species of the genus Pseudo-nitzschia sp. (Fig. 1) were isolated from the 
coastal area of Catalonia, Spain, from March 2005 until July 2007. Sampling was 
based on the toxic phytoplankton program at Institut de Ciències del Mar. 
Accordingly, live samples were isolated when cell densities of this genus above 105
cells l-1 were detected 
A      B 
Fig. 1A, Geographic location of the study area and the sampling station. Fig. 1B, Locations studied 
arranged from north to south, where the Pseudo-nitzschia sp were isolated. 
Clonal cultures 
Cells of Pseudo-nitzschia spp. were identified from live field samples 
examined under an inverted microscope (Leica DM-II inverted bright-field 
microscope), isolated with a glass Pasteur pipette, and transferred to a tissue culture 
flask filled with silicate-containing f/2 or L1 medium (Guillard, 1975; Guillard and 
Hargraves, 1993). These flasks were subsequently maintained at 19–21 ± 1º C using 
a 12:12 h light:dark cycle. Illumination was provided by fluorescence tubes 
(Gyrolux, Sylvania, Germany) with a photon irradiance of 100 μmol photons m-2 s-1. 
This approach resulted in the establishment of 72 clonal cultures, belonging to eight 
species, as identified by scanning electron microscopy (Table 1). 
St
at
io
n 
nu
m
be
r
Station name P.
 b
ra
si
lia
na
P.
 c
ac
ia
nt
ha
P.
ca
lli
an
th
a
P.
 d
el
ic
at
is
si
m
a
P.
 fr
au
du
le
nt
a
P.
 g
al
ax
ia
e
P.
 li
ne
a
P.
 m
ul
tis
tr
ia
ta
P.
 c
f p
se
ud
od
el
ic
at
is
si
m
a
P.
 p
un
ge
ns
1 Roses
2 Empuriabrava
3 Muga
4 Estartit
5 Fosca
6 Palamós
7 Blanes
8 Arenys
9 Parc del litoral
10 Olimpic
11 Barcelona
12 Vilanova
13 Tarragona
14 La Pineda
15 Cambrils
16 Alguer
17 Ametlla
18 Ampolla
19 Eucaliptus
20 St. Carles
21 Parc de Garbí
Capítulo 3  68
Table 1 Pseudo-nitzschia strain used in phylogenetic studies 
Strain name Pseudo-nitzschia sp Clade Origin Date of 
isolation 
Clone PCR 
ICMB- 172 P. brasiliana  Olimpic 27/07/2007 EU327364 
ICMB- 175 "  Olimpic 27/07/2007 EU327365 
ICMB- 176 "  Olimpic 27/07/2007 EU407608 
ICMB- 109 6 P. calliantha Ràpita 30/09/2005  EU327371 
ICMB- 110 11 " Ràpita 30/09/2005 n.s 
ICMB- 111 12 " Ràpita 30/09/2005 EU448297 
ICMB- 112 18 " Ràpita 05/10/2005 n.s 
ICMB- 117 22 " Ràpita 05/10/2005 n.s 
ICMB- 118 23 " Ràpita 05/10/2005 EF642970 
ICMB- 119 24 " Ràpita 05/10/2005 DQ990359  
ICMB- 120 26 " Ràpita 08/10/2005 EU327372 
ICMB- 121 28 " Ràpita 18/02/2006 n.s 
ICMB- 122 29 " Barcelona 15/03/2006 n.s 
ICMB- 138 45 " Blanes 16/05/2006 DQ990361  
ICMB- 139 46 " Blanes 16/05/2006 n.s 
ICMB- 144 " Blanes 10/03/2007 EU327373 
ICMB- 146 " Blanes 10/03/2007 EU448298 
ICMB- 147 " Blanes 10/03/2007  EU327374 
ICMB- 152 " Rapita 13/03/2007 EU327375 
ICMB- 155 " Blanes 10/03/2007 EU327376 
ICMB- 157 " Ràpita 10/03/2007 EU327377 
ICMB- 158 " Blanes 10/04/2007   n.s 
ICMB- 159 " Villanova 18/04/2007 EU327379 
ICMB- 125 32 P. delicatissima A/2 Blanes 15/03/2006 EU367945 
ICMB- 126 33 " A/2 Arenys 15/05/2006 EU327381 
ICMB- 127 34 " A/2 Arenys 15/05/2006 EU367946  
ICMB- 128 35 " B/1 Arenys 15/05/2006 n.s 
ICMB- 129 36 " B/1 Arenys 15/05/2006 EU367951 
ICMB- 130 37 " B/1 Arenys 15/05/2006 EU367952 
ICMB- 131 38 " B/1 Arenys 15/05/2006 EU367953 
ICMB- 132 39 " B/1 Arenys 15/05/2006 EU367954  
ICMB- 133 40 " A/2 Blanes 16/05/2006 EU367947 
ICMB- 134 41 " A/2 Blanes 16/05/2006 EU327383 
ICMB- 135 42 " A/2 Blanes 16/05/2006 EU367948 
ICMB- 136 43 " Blanes 16/05/2006 n.s 
ICMB- 140 47 " A/2 Blanes 16/05/2006 EU327384 
ICMB- 141 48 " A/2 Blanes 16/05/2006 EU367950  
ICMB- 142 49 " A/2 Blanes 16/05/2006 EU327385 
ICMB- 160 " Arenys 24/04/2007 EU327386 
ICMB- 161 " Arenys 24/04/2007 EU327387 
ICMB- 162 " Arenys 24/04/2007 EU327388 
ICMB- 164 " Arenys 24/04/2007 n.s 
ICMB- 165 " Arenys 24/04/2007 n.s 
ICMB- 166 " Arenys 24/04/2007 n.s 
ICMB- 167 " Barcelona 24/04/2007 EU327389 
ICMB- 168 " Barcelona 27/04/2007 n.s 
ICMB- 169 " Barcelona 27/04/2007 EU327390 
ICMB- 170 " Barcelona 27/04/2007 EU327391 
ICMB- 171 " Arenys 27/04/2007 EU327392 
ICMB- 101 Ra2 " A/2 Ràpita 29/03/2005 DQ990362  
ICMB- 102 " A/2 Ràpita 30/03/2005  EU478793 
ICMB- 103 Ar1 " A/2 Arenys 01/04/2005 EU367943 
ICMB- 106 " A/2  Olimpic 31/03/2005 EU367942 
ICMB- 107 " A/2 Olimpic 31/03/2005  EU367944 
ICMB- 104 Ar2 P. fraudulenta Arenys 01/04/2005 DQ990365  
ICMB- 105 Ar3 " Arenys 01/04/2005 DQ990366 
ICMB- 173 P. galaxiae Olimpic 27/07/2007 EU327368 
ICMB- 174 " Olimpic 27/07/2007 EU327369 
ICMB- 177 "  Olimpic 27/07/2007  EU327370 
ICMB- 156 P. linea Blanes 10/03/2007 n.s 
ICMB- 154 P. multistriata Blanes 13/03/2007 n.s 
ICMB- 113 CM1  " Tarragona 05/10/2005 DQ990367 
ICMB- 114 CM2  " Tarragona 05/10/2005 DQ990368 
ICMB- 115 CM3 " Tarragona 05/10/2005 DQ990369 
ICMB- 145 " Blanes 10/03/2007 n.s 
ICMB- 149 " Blanes 13/03/2007 n.s 
CMB- 150 " Blanes 13/03/2007 EU448299 
ICMB- 153 " Blanes 13/03/2007 n.s 
ICMB- 108 PO3 P. pungens I Olimpic 31/03/2005 DQ990370 
ICMB- 143 " I Blanes 10/03/2007 EU327366 
ICMB- 148 " I Blanes 10/03/2007 EU327367 
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Strain name Pseudo-nitzschia sp Clade Origin Date of 
isolation 
Clone PCR 
Strain from other  studies 
ØM1 P. australis Aveiro, Portugal AY257842 
Xt3C  P. brasiliana 
Van Phong Bay, 
Vietnam DQ062662 
18-02 P. delicatissima Napoles, Italy AY519334 
21-02   " " AY519281 
C-AL-1 P. calliantha  " DQ813842 
AL-101 " " DQ813839 
AL-112 "   " DQ813815 
PLY1St.11D P. fraudulenta Firth of Lorne, UK AM118038 
Limens1 P. fraudulenta Limens, Spain AY257840 
Korea A P. multistriata ChinhaeBay, Korea AY257843 
NZ-74 P. pungens 
S. Pacific, New 
Zeland AM778817 
- " - NW Pacific, China  AY544769 
- " - NW Pacific, Vietnam DQ166533 
US-123/d " NEPacific, USA AM778808 
Pt10 
Phaeodactylum 
tricornutum  Dalian, Yellow Sea DQ655656 
Electron microscopy 
Lugol-fixed samples were subjected to scanning electron microscopy (n=72) 
to distinguish the fine structure of the poroids and to confirm species identification. 
For these analyses, organic material was removed from the samples with sulphuric 
acid and potassium permanganate followed by the addition of oxalic acid, as 
described in Lundholm et al. (2002). The remaining material was mounted on a 
polycarbonate filter which was attached on stubs with colloidal silver and then 
sputter-coated with gold-palladium. The samples were observed with a Hitachi S-
3500N scanning electron microscope operating at 5 kV.  
Morphometric characteristics  
The morphometric characteristics of cells identified as Pseudo-nitzschia were 
examined by scanning electron microscopy (SEM). The width and length of the 
valve, the density of striae, the presence of fibulae and poroids on valves, the 
structure of girdle bands, and the pattern of perforation in the poroid hymens were 
thus evaluated.  
DNA extraction, PCR amplification and sequencing 
Initial cultures were concentrated by centrifugation and then frozen until 
further use. DNA extraction followed the CTAB method (Doyle and Doyle, 1987) 
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with modifications (Lundholm and Moestrup, 2002). ITS1, 5.8S, and ITS2 were 
amplified using the PCR primers 1380-F (GCG TTG AT/AT ACG TCC CTG CC) 
and ITS055-R (CTC CTT GGT CCG TGT TTC AAG ACG GG). The conditions 
were: one round of denaturation at 94ºC for 2 min, followed by 36 cycles of 94ºC 
for 30 s, 60ºC for 30 s, and 72ºC for 25 s; and an additional step at 72 ºC for 6 min. 
The PCR products were visualized on a 2% Nusieve gel and purified using QIA 
quick PCR Purification Kit (Qiagen GmbH, Hilden, Germany) as recommended by 
the manufacturer. Twenty to 40 ng of PCR product were used in each 20-µl 
sequencing reaction with the sequencing primers 1400-F (5´CTG CCC TTT GTA 
CAC ACC GCC CGT C-3´), ITS-03-F (5´CGA TGA AGA ACG YAG CGA-3´) 
and LSU38R (5´CGC TTA TTG ATA TGC TTA-3´). Nucleotide sequences were 
determined using the Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin 
Elmer, Foster City, CA, USA) as recommended by the manufacturer. Sequencing 
was done using an ABI Prism 377 DNA sequencer (Perkin Elmer). 
Alignment and phylogenetic analyses  
Only high-quality sequences were included in the final dataset. Non-alignable 
regions were excluded prior to the phylogenetic analyses. The sequences from the 
present study (Table 3) were aligned with those from Genbank using ClustalW 
(Thompson et al., 1994) in Bioedit 7.01 (Hall, 1999). The final data comprised 86 
strains, 71 from the present study and 15 from Genbank. Distance (Neighbour-
joining) and maximum parsimony analyses were conducted using MEGA version 
3.1 (Kumar et al., 2004). Neighbour-joining with the Jukes–Cantor correction and 
1000 bootstraps were used to build the corresponding phylogenetic trees. Maximum 
parsimony was used with the close-neighbour-interchange search algorithm, with 
random tree addition using 1000 bootstraps. The analyses were rooted with 
Phaeodactylum tricornutum.
Growth rates, cell yield and size reduction  
Growth rate experiment were performed with in L1 medium prepared with 
filtered seawater (salinity of 30) were determined. Batch cultures were grown in 50-
mL polycarbonate bottles and maintained in the growing conditions described 
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above. Growth experiments were started with exponential populations. Every second 
day, 1-mL subsamples were fixed in Lugol’s iodine, counted in a cell chamber by 
optical microscopy (Leica-Leitz DM-Il, Leica Microsystems GmbH, Wetzlar, 
Germany) at a magnification of 200-400×, and the number of cells recorded. Cell 
density was used to calculate exponential growth rates according to the method of 
Guillard (1973).  
Toxin analysis 
Seven strains of P. calliantha and three of P. multistriata were analyzed for 
toxicity. Ten-ml samples (cells plus medium) were taken from non-axenic cultures 
at different stages, sonicated with a Branson Ultrasonic Probe for 1 min, and filtered 
through Millex-GS 0.22 µm disposable filters. The samples were kept at -30ºC until 
HPLC analysis. Domoic acid was determined by the 9-fluorenyl-methoxycarbonyl 
(FMOC)-HPLC method, using gradient elution, a 20-µl injection volume, and a 4.6 
mm ID (Supelco LC-PAH) column (Pocklington et al., 1990).  
Mating experiments  
Strains were crossed with potentially compatible strains in order to document 
sexuality. Exponentially growing strains of P. brasiliana (n=3), P. calliantha (n=7), 
P. delicatissima (n=31), P. multistriata (n=5), and P. pungens (n=3) were mixed 
(0.5 ml each) in Petri dishes (0.5 cm diameter) containing 1 ml of L1 medium. Total 
numbers of crosses of the different strains were: 20 for P. calliantha, seven for P. 
multistriata, and three for P pungens. See Chap. 1 for the details regarding the 
crosses of P. delicatissima.  The Petri dishes were incubated under the conditions 
described above for the clonal cultures. Mixed cultures were examined daily using a 
Leica-Leitz DM-Il inverted microscope to determine the presence of sexual stages. 
In addition, viable offspring after auxosporulation was monitored. 
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RESULTS 
Clonal cultures 
In Table 1, 72 isolated strains of each species, with their corresponding place 
of origin, isolation date, culture duration, and Genbank access number, are provided. 
Morphological characterization by light and SEM microscopes  
Clones identified as Pseudo-nitzschia were further characterized by SEM. A 
summary of the main morphological characteristics of each species is presented in 
Table 2. For two of the species present in the field samples, P. caciantha and P. cf 
calliantha 2, clonal cultures could not be established; however the morphological 
parameters of these two species, as measured in the field samples, are included in 
Table 2. The morphometric characteristics of the strains agreed with those described 
in the literature (Hasle, 1995; Orsini et al., 2002; Lundholm et al., 2003; Moestrup et 
al., 2004; Kaczmarska et al., 2005; Lundholm et al., 2006). In general, all the 
Pseudo-nitzschia sp. described in this study were narrow and formed stepped 
colonies. The main differences from the original descriptions of these species were 
as follows: 
In P. brasiliana Lundholm, Hasle & G.A. Fryxell 2002, the regularly spaced 
fibulae and striae measured 22–27 and 23–28 in 10 µm, respectively (Fig. 2A-B, 
Table 2). This is a wider range than reported in previous studies (Lundholm et al., 
2002b), although other morphometric characteristic agreed with the earlier 
description. 
In P. caciantha Lundholm, Moestrup & Hasle 2003, the poroid form 
characteristic of the species was observed but the ranges of other morphometric 
aspects, such as length, width, and density of the fibulae, were wider than described 
in previous studies (Fig. 2C and D, Table 2) (Lundholm et al., 2003). Note that these 
measurements come from field samples. 
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Table 2. Morphological characters of Pseudo-nitzschia  strain studied. 
Taxa Valve shape Fibulae/ Striae/ Row of Poroids/ Central Length Width Detailed 
10 µm 10 µm poroids 1 µm nodule (µm) (µm) in chapter 
P. brasiliana rectangular 22-27 23-28 2 7-10 - 34.1-39.4 2.3-3.3 2
24.6 ± 1.5 25.2±1.6 8.7 ± 0.8 36.5 ± 1.6 2.7± 0.2
P. caciantha lanceolate 19-23 29-33 1 4-5 + 60-104.1 1.5-2
20.25 ± 1.39 31.13  ± 1.36 4.63  ± 0.52 76.9 ± 11.2 1.7 ± 0.19
P.calliantha linear 15-26 30-40 1 4 - 5 + 41.4-123.1 1.1- 2.4 4
18.9 ± 2 35.8 ± 1.9 4.7±0.5 79.3 ± 11.3 1.7± 0.2
P. delicatissima lanceolate 20-28 36-42 2 9-11 + 32.3-78 1.01-2.4 01-abr
23.1±2.2 37.3±1.9 9.9±0.7 44. 8 ±  6.7 1.6± 0.3
P. fraudulenta lancelolate 19-24 21-24 2 5-6 + 38.9-131.5 2.9-7.1 4
21.1±1.5 22.7±1.2 5.5±0.5 71.± 20.3 5.1± 1.0
P. galaxiae lanceolate 18-24 46-60 - + + 25.1-31.5 1.7-3.2
21.56  ± 1.82 56.22 ± 3.25 28.7 ± 2.3 2.2 ± 0.4
P. linea linear 17-22 35-41 2 8-10 + 16.3-17.5 2.4-3.8
20  ± 1.49 38.2  ± 1.62 8.7  ± 0.67 17.1 ± 0.4 2.9  ± 0.5
P. multistriata lanceolate 22-26 36-42 2-3 9-13 - 35.9-58.5 2.2-4.2 4
24.2±1.9 38.7±2.1 11.6±1.3 50.1± 4.5 3.4± 0.4
P. cf calliantha 2 linear 17-20 27-30 1 4.5-5 + 115-117 3.1-3.3
18.4±1.14 29±1.4 4.8±0.3 116.35±1.5 3.2±0.1
P. pungens Linear- 9-13 9-13 2 2.5-3 - 70.1-155.9 2.2-4.8 4
lanceolate 11.2±1.3 11.4±1.4 3.0±0.2 116.9± 24.6 3.75± 0.57
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In P. calliantha Lundholm, Moestrup & Hasle 2003, measurements of the 
density of the fibulae and striae as well as of the width and length of these structures 
varied greatly compared to the values reported in the original description (Lundholm 
et al., 2003) but the characteristic of the poroid confirmed the species identification 
(Fig. 2E and F, Table 2; and see Chap. 4 in this thesis) 
Measurements of the width and length of P. delicatissima (Cleve) Heiden 
1928 also yielded a wider range than observed in previous studies. Microscopic 
observations of this strains did not allow identification of the described P. 
delicatissima clade A/2 and B/1 (Lundholm et al., 2003; Amato et al., 2007) (Fig. 
2G and H, Table 2; and see Chap. 1 in this thesis). 
In P. fraudulenta (Cleve) Hasle 1993, width and length also varied to a greater 
extent than previously reported (Hasle, 1993). Other morphometric characteristics 
agreed with the original description (Fig. 2 I and J, Table 2; and see Chap.4 in this 
thesis). Strains identified as P. linea Lundholm, Hasle & G.A. Fryxell 2002 
expressed the morphometric values characteristic for this species. However, the cells 
of these strains were wider than originally described (Lundholm et al., 2002b) (Fig. 
3A and B, Table 2). Observations in field samples led to the identification of P. cf 
calliantha 2. The striae density of these cells was lower than in the original 
description and the cells themselves were wider. The poroid structure confirmed the 
similarity of this species to P. cf calliantha 2, as described by Amato (2007) (Fig. 
3E and F, Table 2).  The morphometric characteristics of NW Mediterranean strains 
of P. galaxiae Lundholm and Moestrup 2002 (Fig. 2K and L, Table 2), P. 
multistriata (Takano) Takano 1995 (Fig. 3C and D, Table 2), and P. pungens 
(Grunow ex Cleve) Hasle 1993 (Fig. 3G and H, Table 2), as recorded in the present 
study, agreed with those reported in the original descriptions (Hasle, 1993; Takano, 
1993; Lundholm and Moestrup, 2002). In summary, during the period 2005–2007, 
ten different Pseudo-nitzschia species were identified in the collected field samples. 
The established clonal cultures included (in alphabetical order) three clones of P. 
brasiliana, 21 clones of P. calliantha, 31 clones of P. delicatissima, two clones of P. 
fraudulenta, three clones of P. galaxiae, one clone of P. linea, eight clones of P. 
multistriata, and three clones of P. pungens.  
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Fig. 2. Scanning electron microscopy of Pseudo-nitzschia species. Fig. 2A and B, P. brasiliana, Fig. 
2C and D, P. caciantha, Fig. 2E and F,  P. calliantha, Fig. 2G and-H, P. delicatissima, Fig. 2I and J,
P.fraudulenta,  Fig. 2K and L, P. galaxiae. 
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Fig. 3. Scanning electron microscopy of Pseudo-nitzschia species: Fig. 3A and B, P. linea, Fig. 3C 
and D, P. multistriata, Fig 3E and F, P. cf calliantha 2, Fig. 3G and H, P. pungens 
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Sequencing analyses 
Sequences from the ITS1, 5.8S, and ITS2 regions of rDNA from strains of 
Pseudo-nitzschia isolated from the NW Mediterranean Sea were phylogenetically 
compared with those previously deposited in GenBank. Distance matrix from 
neighbor-joining analyses and values for the maximum parsimony tree are shown in 
Fig. 4; the two approaches yielded similar topologies. Some of the sequences of the 
NW Mediterranean Sea strains agreed with those from Genbank. Two clades were 
defined: Clade I comprised P. delicatissima A/2, P delicatissima B/1, P. galaxiae, P 
calliantha, and P. calliantha 2 and was supported by good bootstrap values. Since a 
strain belonging to group P. calliantha 2 was not present in the study area, this 
group was added to the tree only for comparison purposes. Furthermore, the 
sequences obtained from our P. galaxiae strains could not be compared with the 
GenBank sequences of this species because the other molecular markers are 
available, whereas ours are the first sequences of 5.8S and ITS2 rDNA obtained for 
P. galaxiae strains. In clade I, the resolution and bootstrap support for branches 
between taxa were high. Accordingly, P. galaxiae was identified as a sister clade 
between group P. calliantha and group P. delicatissima. 
Clade II comprised P. fraudulenta, P. brasiliana, P. multistriata, and P. 
pungens. The bootstrap values were below 50 for those branches. P. pungens and P. 
multistriata clustered together with low bootstraps values. Currently, P. pungens is 
distributed in three groups, and sequences from each group were added for 
comparison purposes. The sequences of strains of P. pungens from the NW 
Mediterranean Sea were similar to those of P. pungens described in clade I by 
Casteleyn et al. 2008.  
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Fig. 4. Neighbour-joining phylogenetic tree of several species belonging to the genus Pseudo-
nitzschia, based on ITS–5.8S rDNA sequences. The names enclosed in a grey box indicate ITS–5.8S 
rDNA sequences from GenBank, other sequence are from the NW Mediterranean Sea strains.  
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Further characterization of the strains: growth rates, cell yield, and toxin 
analyses 
The different growth rates and cell yields measured in the Pseudo-nitzschia
strains examined are presented in Table 3. Of the eight species isolated, P. 
delicatissima had the highest growth rate (2.6 d-1) whereas the cell yield was highest 
in P. brasiliana. The latter species had the lowest growth rate in culture and P. 
fraudulenta the lowest cell yield. None of the strains of P. calliantha and P. 
multistriata analyzed in this study produced domoic acid in culture. 
Table 3.  Growth rata and cell yield of Pseudo-nitzschia strain isolated from NW Mediterranean Sea 
Life span, size reduction, and sexual reproduction 
Table 4 lists the life span recorded for each cultured strain of Pseudo-
nitzschia. The maximum duration of the cultures was 35 months, obtained by P. 
pungens and P. delicatissima. Some strains of P. calliantha, P. multistriata, P. 
fraudulenta, and P. delicatissima had a life span in the laboratory of more than 26 
months, whereas the viability of some strains of P. calliantha, P. multistriata, and P. 
pungens was no more than 9 months. The life spans of strains isolated recently has 
not yet been determined since the diatoms are still alive (marked with * in the 
Table). 
Two strains of P. calliantha survived for over 25 months during which a size 
reduction of approximately 50% was observed (Fig. 5), another strain of this species 
Pseudo-nitzschia  sp Growth rate(d-1) Cell yield
P. brasiliana 0.03 - 0.8 2.6 - 8.8·108
P. calliantha  0.4 - 1 1.1·107 - 1.2·108
P. delicatissima 0.4 - 2.6 1.3 -4.9 ·108
P. fraudulenta 0.1 - 0.9 1.1 - 8.4 ·107
P. galaxiae 0.8 - 1 2.1 - 6··108
P. linea 0.7-0.8 3.2 - 4.5 ·108
P. multistriata 0.6 - 1.8 7.2 - 9.1· 107
P. pungens 0.3 - 1.2 3.5 - 9.6· 107
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did not survive and the cells died independently of their size. The size reductions of 
P. fraudulenta and P. linea were approximately 50% at 15 and 10 months, 
respectively. P. multistriata was not viable in culture. Only one strain survived after 
26 months, with a size reduction of more than 50%, while the other strains died after 
9 months in culture. From the three strains of P. pungens, one survived for 30 
months, with a 75% size reduction during that time, while the other strains died after 
9–10 months in culture. 
Fig. 5. Size reduction pattern of Pseudo-nitzschia sp 
Two forms of sexual reproduction were noted in the strains of Pseudo-
nitzschia cultured during this study. Only one species, P. brasiliana (Chap. 2 of this 
thesis), was found to be homothallic while all the other studied species were 
heterothallic. Viable auxospores were formed in three clonal cultures of P. 
brasiliana. In the heterothallic cultures, auxospore formation and the subsequent 
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production of viable offspring were observed in five of the nine strains of P. 
calliantha. In P. delicatissima, auxospore formation and initial cells were observed 
only in the strains belonging to clade B/1. In the strains belonging to P. 
delicatissima A/2, auxospore were not produced (see details in Chap. 1). Sexual 
reproduction occurred in five strains of P. multistriata, but not in any the three 
strains of P. pungens (Table 4). Sexual reproduction was not observed in strains of 
P. linea. Sexual reproduction was not studied in strains of P. fraudulenta and P. 
galaxiae. 
Table 4. Life span in cultures and auxospore observation from Pseudo-nitzschia strain isolated from 
NW Mediterranean Sea
Strain name Pseudo-nitzschia sp 
life span in 
culture month 
auxospore  
observation 
ICMB- 172 P. brasiliana 7* + 
ICMB- 175 " 7* + 
ICMB- 176 " 7* + 
ICMB- 109 6 P. calliantha 27 - 
ICMB- 110 11 " 17 
ICMB- 111 12 " 26 + 
ICMB- 112 18 " 15 
ICMB- 117 22 " 16 
ICMB- 118 23 " 16 
ICMB- 119 24 " 28* - 
ICMB- 120 26 " 28* - 
ICMB- 121 28 " 12 
ICMB- 122 29 " 11 
ICMB- 137 44 " 9 
ICMB- 138 45 " 9 
ICMB- 139 46 " 9 
ICMB- 144 " 11* 
ICMB- 146 " 11* 
ICMB- 147 " 11* + 
ICMB- 152 " 11* 
ICMB- 155 " 11* + 
ICMB- 157 " 11* + 
ICMB- 158 " 10* - 
ICMB- 159 " 10* + 
ICMB- 125 32 P. delicatissima 23* - 
ICMB- 126 33 " 21* - 
ICMB- 127 34 " 21* - 
ICMB- 128 35 " 21* + 
ICMB- 129 36 " 21* + 
ICMB- 130 37 " 21* + 
ICMB- 131 38 " 21* + 
ICMB- 132 39 " 21* + 
ICMB- 133 40 " 21* - 
ICMB- 134 41 " 21* - 
ICMB- 135 42 " 21* - 
ICMB- 136 43 " 21* - 
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Strain name Pseudo-nitzschia sp 
life span in 
culture month 
auxospore  
observation 
ICMB- 140 47 " 21* - 
ICMB- 141 48 " 14 - 
ICMB- 142 49 " 14 - 
ICMB- 160 " 10* - 
ICMB- 161 " 10* - 
ICMB- 162 " 10* - 
ICMB- 164 " 10* - 
ICMB- 165 " 10* - 
ICMB- 166 " 10* - 
ICMB- 167 " 10* - 
ICMB- 168 " 10* - 
ICMB- 169 " 10* - 
ICMB- 170 " 10* - 
ICMB- 171 " 10* - 
ICMB- 101 Ra2 " 31 - 
ICMB- 102 " 35* - 
ICMB- 103 Ar1 " 34* - 
ICMB- 106 PO1 " 34* - 
ICMB- 107 " 35* - 
ICMB- 104 Ar2 P. fraudulenta 21 
ICMB- 105 Ar3 " 30 
ICMB- 173 P. galaxiae 7* 
ICMB- 174 " 7* 
ICMB- 177 " 7* 
ICMB- 156 P. linea 11* 
ICMB- 154 P. multistriata 9 
ICMB- 113 Me1  " 15 
ICMB- 114 Me2  " 15 
ICMB- 115 Me3 " 26 + 
ICMB- 145 " 11* + 
ICMB- 149 " 9 + 
ICMB- 150 " 9 + 
ICMB- 153 " 11* + 
ICMB- 108 PO3 P. pungens 35* - 
ICMB- 143 " 9 - 
ICMB- 148 " 10 - 
*still alive 
Biogeography of the Pseudo-nitzschia species in the Mediterranean Sea. 
As a summary, maps of the Mediterranean Sea are provided showing the 
descriptions of the Pseudo-nitzschia species in the coastal areas (Figs 6 and 7, Table 
5).  The maps showed different distributions for the Pseudo-nitzschia species: i) the 
first descriptions in the Mediterranean Sea and the Catalan coast; ii) wide 
distributions; iii) distributions in restricted areas and iv) narrowly restricted 
distributions. 
Capítulo 3  83
Fig. 6. Geographic distribution of Pseudo-nitzschia in the Mediterranean  
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Fig. 7. Geographic distribution of Pseudo-nitzschia in the Mediterranean Sea 
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Our study presented the first description P. linea in the Mediterranean Sea 
(Fig. 6A). It has been noted that P. linea is a epibiont diatom which were found in a 
sample within Chaetoceros sp. P. galaxiae and P. cf calliantha 2 were also first 
described in the Catalan coast in this study (Fig. 7A and C).  
Table 5 Reference list from the description of Pseudo-nitzschia in the Mediterranean Sea 
Fig,  Pseudo-nitzschia sp 
number 
Toxicity
reported 
Cite 
number Area Reference 
P. australis 5-A + 1 Andalucian coast Maman, L 2006 
P. brasiliana 5-A - 1 Catalan coast Quijano-Scheggia, S 2005 
" 5-A - 2 Catalan coast Chapter 3 
P. caciantha  5-A - 1 Greek coast Moschandreou 2006 
" 5-A - 2 Catalan coast Sampedro,07 
P. calliantha  5-B - 1 Catalan coast  Vila 2001 
" 5-B - 2 Black Sea, Gulf of Trieste Lundholm 2003 
" 5-B - 3 Southern Adriatic Sea Caropo 2005 
" 5-B - 4 Tyrrhenian Sea Zingone 2006 
" 5-B + 5 Bizerte Lagoon, Tunisia Sahraoui 2006 
" 5-B - 6 Greek coastal waters Moschandreou 2006 
" 5-B - 7 Bayul bay Quiroga 2006 
" 5-B - 8 La Rápita Ebro's delta Elandousi 2006 
" 5-B - 9 Gulf of Trieste Honsell 2006 
" 5-B - 10 Aegean Sea Spatharis 2007 
" 5-B - 11 Catalan coast Sampedro 2007 
" 5-B - 12 Gulf of Naples McDonald 2007 
" 5-B + 13 Black Sea Besiktepe 2008 
" 5-B - 14 Catalan coast  Quijano-Scheggia 2008 
P. dolorosa 5-B - 1 Greek coast Moschandreou 2006 
5-B - 2 Gulf of Naples Amato 2007 
P. cuspidata 5-B - 1 Gulf of Naples Amato 2007 
P. delicatissima 5-C - 1 Catalan coast  Vila 2001 
" 5-C - 2 Gulf of Naples Orsini 2002 
" 5-C - 3 MareChiara Orsini 2004 
" 5-C - 4 Southern Adriatic Sea Caropo 2005 
" 5-C - 5 Tyrrhenian Sea Zingone 2006 
" 5-C - 6 Gulf of Trieste Honsell 2006 
" 5-C - 7 La Rápita, Ebro's delta Elandousi 2006 
" 5-C - 8 
Gulf of Naples, 
MareChiara McDonald 2007 
" 5-C - 9 Catalan coast  Quijano-Scheggia 2008 
P. fraudulenta 6-A - 1 Gulf of Naples Orsini 2002 
" 6-A - 2 Southern Adriatic Sea Caropo 2005 
" 6-A - 3 Tyrrhenian Sea Zingone 2006 
" 6-A - 4 Greek coast Moschandreou 2006 
" 6-A - 5 
Gulf of Naples, 
MareChiara McDonald 2007 
" 6-A - 6 Catalan coast  Quijano-Scheggia 2008 
P. galaxiae  6-A - 1 
Gulf of Naples, 
MareChiara Cerino 2004 
" 6-A - 2 Southern Adriatic Sea Caropo 2005 
" 6-A - 3 Tyrrhenian Sea Zingone 2006 
" 6-A - 4 Gulf of Naples McDonald 2007 
" 6-A - 5 Catalan coast  Chapter 4 
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Fig,  Pseudo-nitzschia sp 
number 
Toxicity
reported 
Cite 
number Area Reference 
P. linea 5-A 1 Catalan coast  Chapter 4 
P. multistriata 6-B + 1 Gulf of Naples Sarno  2000 
" 6-B + 2 Gulf of Naples Orsini 2002 
" 6-B - 3 Catalan coast  Quijano-Scheggia 2005 
" 6-B - 4 Tyrrhenian Sea Zingone 2006 
" 6-B - 5 Greek coast Moschandreou 2006 
" 6-B - 6 Gulf of Naples McDonald 2007 
" 6-B - 7 Catalan coast  Quijano-Scheggia 2008 
P. multiseries 6-B - 1 Greek coast Moschandreou 2006 
P. pseudodelicatissima 6-C - 1 Gulf of Naples Orsini 2002 
" 6-C - 2 
Gulf of Naples, 
MareChiara Cerino 2004 
" 6-C - 3 Greek coast Moschandreou 2006 
" 6-C - 4 Gulf of Naples McDonald 2007 
" 6-C - 5 Catalan coast  Quijano-Scheggia chapter 1 
P. pungens 6-C - 1 Catalan coast  Margalef 1969 
" 6-C - 2 Catalan coast  Vila 2001 
" 6-C - 3 Greek coast Moschandreou 2006 
" 6-C - 4 Catalan coast  Quijano-Scheggia 2008 
P. brasiliana was also reported as the first time in the Mediterranean Sea (Fig. 
6A) by the author in a publication not included in the thesis (Quijano-Scheggia et 
al., 2005). Restricted distribution of P. australis and P. multiseries are observed in 
the maps. P. australis is restricted only in the Andalusian coast, NW Mediterranean 
Sea (Fig. 6A) and P. multiseries in the Greek coastal waters (Fig. 7B).Geographic 
narrowly restricted distribution in the Mediterranean waters is observed for P. 
pungens which are only reported in the Catalan coast and Greek coastal waters NE 
(Fig. 7C). P. caciantha is found in Naples and in the Catalan coast (Fig. 6A) 
P. calliantha is the most broadly distributed species, also present in the Black 
Sea (Fig. 6B). P. delicatissima and P. galaxiae are present in the Catalan coast and 
Italy coastal wasters (Fig. 6C and 7A respectively). P. fraudulenta and P. 
multistriata are reported in the Catalan coast, Naples, Italy and Greek coastal waters 
(Fig. 7A and B respectively). The species P. dolorosa and P. pseudodelicatissima 
are reported in Naples and Greece (Fig. 6B and 7C respectively), P. cuspidate only 
in Naples (Fig. 6C), the three are not found in the period of study in the Catalan 
coastal waters.  
From the reports, the species of Pseudo-nitzschia reported as toxic were P. 
australis (Mamán et al., 2006), P. calliantha (Sahraoui et al., 2006; Besiktepe et al., 
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2008) and P. multistriata (Sarno and Dahlmann, 2000; Orsini et al., 2002). No 
domoic production was found from the strains analysed of P. calliantha and P. 
multistriata. 
Discussion 
Improvements in taxonomic identification and differentiation of Pseudo-
nitzschia species not only requires electron microscopic for the examination of 
ultrastructure but also analysis of genetic variations. Molecular and physiological 
methodologies are needed in order to describe the species. 
The morphometric measures of the Pseudo-nitzschia species found on the 
Catalan coast fit with those reported in previous studies on P. brasiliana, P. 
multistriata and P. pungens. However, some data differ with the original 
descriptions, as a wider range for length, width and density of fibulae and striae. In 
general, we agree with all the morphological identifications. Only in the case of P. cf
calliantha 2 we consider it only similar to original description since the 
morphometric value differed. Nowadays, this species is under revision and it will be 
describe as a new one, P. manni (Montresor, pers. commu.). 
In base of the results, we could affirm that the diversity of the genus Pseudo-
nitzschia in the NW Mediterranean Sea is much bigger that previously consider. For 
example Margalef 1969 reported only 3 different species P. pungens, P. 
delicatissima and P. seriata (identified as Nitzschia). Nowadays, and due to the 
morphological restrictions for the identification of this genus at the optical 
microscope, we could only said that only identifications on P. pungens was correct. 
In a study in the Catalan coast, Vila 2001 recognizes only 3 species, P. 
delicatissima, P. pseudodelicatissima and P. pungens. The correct identification of 
the genus by OM in the routine monitoring program give a misinterpretation and the 
correct identification in those samples of P. pseudodelicatissima would be P. 
calliantha. Our study (morphologic, molecular, reproductive and physiologic) 
provides unequivocal information of 10 different Pseudo-nitzschia species in the 
Catalan coast. 
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The phylogenetic analyses of the ITS1, 5.8S, and ITS2 rDNA confirm the 
differentiation of the species based in the morphology except for the case of P. 
delicatissima. The phylogenetic analyses were only possible with the establish 
culture collections in the present study. The species are separated in the phylogenetic 
trees in two different clades, similarly to those reported before for the genus. 
However the bootstrap values in the main two branches are not always good 
supported they agree with previous study about the phylogenetic of Pseudo-nitzschia
sp. (Lundholm et al., 2003; Lundholm et al., 2006) and confirm previous reports on 
cryptic species in the P. delicatissima (see Chap. 1). Our strains of P. pungens
cluster together with the clade I described in Casteleyn, 2008. Those reported strains 
corresponded to a wide geographical distribution (North Sea, region, Atlantic coast 
of Spain, Canada, Japan, New Zealand or the Pacific coast of North America). Our 
strains add information to this clade, which probably will be segregated in different 
species in the future, since are the first reported from the Mediterranean Sea. 
Several points are observed in the maps of the descriptions of the Pseudo-
nitzschia species in the Mediterranean Sea.  A bias in the distribution of the Pseudo-
nitzschia sp is observed, mainly due to that the species are only reported where the 
studies and monitoring programmes are carried out. It is difficult to evaluate if some 
species are widely distributed when the report is mainly for some areas in the 
Mediterranean Sea (Italia, Grecian and Spain) and few reports from the African 
coast are available. Overcoming this bias, the most common species in the 
Mediterranean Sea are P. calliantha and P. delicatissima. These species seem to 
have a broad physiological range for growth (Lundholm et al., 2003; Caropo et al., 
2005; Amato et al., 2007; Kaczmarska et al., 2007; Spatharis et al., 2007; Besiktepe 
et al., 2008) (Chap. 1 and 4). 
The fact that P. australis is present in the Andalusia coast (Mediterranean 
coast) raise the question if it is possible that the species was introduced and which 
would be the future distribution in the Mediterranean Sea. Moreover, it is know that 
the species was not found in the Spanish Atlantic coast before 1998 when it was 
reported for the first time (Fraga et al., 1998). One alternative hypothesis to explain 
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the presence of P. australis in the Atlantic and Mediterranean coast of Spain is the 
expansion of the species southerly (Fraga, pers. comm.). 
Other interesting case regarding a possible introduction or expansion of the 
Pseudo-nitzschia species is P. brasiliana. This species is reported as a warmer 
species in warmer water regions such as Brazil, Gulf of Panama, Gulf of México, 
Gulf of California, Vietnam, Indonesia, Thailand and South Korea (Lundholm et al., 
2002b; Villac et al., 2005). Our report is the first description of this species in the 
Mediterranean Sea and since the first description; other observations were done 
along the Catalan coast. 
In the case of P. linea, the reports of this species are hampered by the fact that 
the species is very small and live as epiphyte of other diatom. A recommendation 
that arises of these results is that in the studies of diversity in this genus have to paid 
attention to epiphyte species not only in the water sampling. Regarding P. pungens, 
it should be noted that the species is present in low abundances and, along the 
Catalan Coast, always accompanied by other Pseudo-nitzschia sp (Quijano-Scheggia
et al., 2008). The fact that the species is associated with other phytoplankton species 
provokes that the identification could be hindered. 
The above discussion of the distribution is base on the present results of the 
identification of the species. But, the development and application of appropriate 
technologies for species discrimination and assessment of genetic variation is 
showing variable levels of intra-specific diversity (Orsini et al., 2004; Evans et al., 
2005; Amato et al., 2007; McDonald et al., 2007). From this cryptic species, an 
effort is done to separate “species” units.  In the case of the Pseudo-nitzschia genus 
the knowledge of the functional complexity of life cycles, and of the modes of 
sexual reproduction, is needed in order to provide a more comprehensive framework 
for the definition of distinct taxa. In the biological species concept, a species is 
defined as a population that is reproductively isolated from other population. There 
is often agreement between the different concepts, but some conflicts appear (Mann, 
1999; Chepurnov et al., 2004; Amato et al., 2007). A combination of the information 
of the morphological, molecular and life history is more coherent in order to 
describe the species. In the isolates from our area, delineation of the species based 
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on morphological and molecular basis is coherent with the sexual experiments. From 
these experiments we could define which strains were heterothallic (e.g. P. 
calliantha, P. delicatissima B/1 and P. multistriata) and which were homothallic. 
Apart from the ecological relevance of this fact for the population viability, this 
information is very valuable also for the maintenance of the strains in laboratory 
conditions. 
In the case of P. pungens we did not get a successful reproduction, but this can 
be explained by the fact that all the strains belong to the same sexual type and the 
species is heterothallic. In the case of P. delicatissima according the molecular and 
sexual reproduction two clades are defined (see Chap. 1 for detailed information). It 
has to be pointed that successful studies on sexual reproduction of the species should 
paid attention to the physiological status of the cultures. What is known about 
diatom life cycles is that the cells must decrease to a certain size threshold before 
they are capable of reproducing sexually, and that for most diatom species sexual 
reproduction regenerates the original large size of the cell via an “auxospore” (Mann 
Bates & Davidovich). After the appropriate cell size is attained, a second condition 
for sexualization of pennate diatoms is that the cells must be in good physiological 
condition and usually growing rapidly. These two conditions were observed in our 
cultures. There is a risk to not obtain successful reproduction in the cultures if these 
conditions are not attained. Measuring cell size and viability of the cultures are thus 
required. As we can observe in some cultures, cell reduction is high and quick (see 
Chap. 1 for abrupt size reduction) and in some others the cells died in a short time. 
Other strains of the same species reduce in a low percentage and the life span is 
longer.  
 In conclusion, our study represents a dataset based on morphological studies 
coupled with molecular systematic, breeding data and distributions of the species of 
Pseudo-nitzschia in the Catalan coast. This information analysed together with 
reports from elsewhere in the Mediterranean Sea can give general insights into the 
biogeography of these phytoplanktonic organisms. 
ista biblio blanca(Margalef, 1969; Guillard, 1973; Vila, 2001; Lundholm et al., 2002a; Casteleyn et al., 2008) 
tabla (Margalef, 1969; Sarno and Dahlmann, 2000; Vila, 2001; Orsini et al., 2002; Orsini et al., 2004; Caropo et al., 2005; Cerino et al., 2005; Quijano-
Scheggia et al., 2005; Elandaloussi et al., 2006; Honsell et al., 2006; Mamán et al., 2006; Moschandreou and Nikolaidis, 2006; Quiroga, 2006; Sahraoui et al., 2006; 
Zingone et al., 2006; Amato et al., 2007; McDonald et al., 2007; Sampedro et al., 2007; Spatharis et al., 2007; Besiktepe et al., 2008; Quijano-Scheggia et al., 2008)
(Casteleyn et al., 2008)
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Abstract 
Potentially toxic species of the genus Pseudo-nitzschia were studied along the 
Spanish NW Mediterranean coast from January 2005 to May 2006. Observation in 
electron microscopy revealed the presence of Pseudo-nitzschia brasiliana, P. 
calliantha, P. delicatissima, P. fraudulenta, P. multistriata and P. pungens. Several 
strains were isolated from coastal waters and their clonal cultures were compared by 
combined techniques, including light and electron microscopy and internal transcribed 
spacer (ITS-1, 5.8S and ITS-2) rDNA sequencing. Cultured isolates were submitted to 
HPLC analysis of pigments to evaluate the possibility of taxonomic discriminations by 
means of a simple chemotaxonomic approach. The genus Pseudo-nitzschia showed high 
cell concentrations during most of the year, but the population initiated a sharp decline 
at all stations in the period between April and May. P. delicatissima with P. calliantha
were found at the northern stations between February and April, and at the southern 
locations between August and November. P. brasiliana and P. multistriata were only 
occasionally detected in the southern region. None of the environmental variables 
considered was significant to explain the observed spatial and temporal distributions of 
Pseudo-nitzschia species in the area studied. Differences in the growth rate and cell 
yield of the species indicate that biotic factors may play a role in the observed 
distributional patterns. 
Introduction 
Diatoms comprise one of the species richer phytoplankton taxonomic groups. 
They have a world-wide distribution, can be found in both freshwater and marine 
environments, and are characterized by an extraordinary morphologic diversity (Round 
et al., 1990; Mann and Droop, 1996; Round, 1996). It is estimated that between 1365 
and 1783 different planktonic diatoms occur in marine environments (Sournia et al., 
1991). These include members of the genus Pseudo-nitzschia, commonly found in 
phytoplankton populations, with the highest cell concentrations in coastal regions 
(Lundholm et al., 2002a). 
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The genus Pseudo-nitzschia currently harbours 29 different species of needle-
shaped, raphid pennate diatoms forming chains of variable length (Hasle and Syvertsen, 
1997; Lundholm et al., 2002a; Lundholm et al., 2003; Lundholm et al., 2005). There are 
11 or 12 species of Pseudo-nitzschia (depending on the inclusion of P. 
pseudodelicatissima) able to produce the neurotoxin domoic acid (DA), which is 
associated with amnesic shellfish poisoning  (ASP) in humans (Bates et al., 1989; Bates 
and Trainer, 2006), and has also been found to induce mass mortalities in sea birds, fish 
and mammals (Bates, 2000; Mos, 2001; Sierra-Beltran et al., 2005; Schaffer et al., 
2006).  
For the Mediterranean Sea, ASP events related to Pseudo-nitzschia were first 
described in 2001 (Amzil et al., 2001), but along the south coast of France the presence 
of the toxin DA (attributed to P. pseudodelicatissima) was detected as early as 1998. 
Recent publications at this point describe detection of DA in Greek shellfish (Kaniou-
Grigoriadou et al., 2005), in P. multistriata (Orsini et al., 2002) and in P. calliantha 
(Inès and Asma, 2006). 
The diatom genus Pseudo-nitzschia has been known to occur in the NW 
Mediterranean Sea (initially referred  as Nitzschia) for many decades (Massuti and 
Margalef, 1950; Margalef, 1969), including the species Nitzschia delicatissima, N. 
pungens and N. seriata. Pseudo-nitzschia delicatissima (referred as N. delicatissima) 
was observed during the aestival stratification (Margalef, 1969). 
In the context of the monitoring programme of the Catalan Water Agency, (ACA), 
performed by the Institute of Marine Sciences in Barcelona (ICM-CSIC), the 
distribution and abundance of Pseudo-nitzschia and other potentially harmful algae are 
continuously evaluated along the NE coast of Spain (Catalonia). This programme, 
initiated in 1995, currently includes 16 representative harbours, several beaches and two 
coastal bays (Vila et al., 2001; Furones et al., 2004). Due to the fact that only optical 
microscope analyses were done, taxonomic identifications at species level have not been 
performed. Such discriminations are, however, important for the understanding of 
bloom formation, because ecological preferences may vary significantly among species, 
whereas not all of them are actually toxic. Discrimination of species within the genus 
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Pseudo-nitzschia currently requires the use of SEM (scanning electron microscopy) 
and/or TEM (transmission electron microscopy) techniques for morphological 
characterization. 
Fig. 1. Geographic location of Catalonia, Spain, and the specific locations sampled during the years 2005 
and 2006. Stations name. 1 Roses; 2 Empuriabrava; 3 Muga; 4 Estartit; 5 Fosca; 6 Palamós; 7 Blanes; 8 
Arenys; 9 Premià; 10 Parc del litoral; 11 Olímpic; 12 Barcelona; 13 Vilanova; 14 Torredembarra; 15 
Tarragona; 16 La Pineda; 17 Cambrils; 18 Alguer; 19 Ametlla; 20 Ampolla;  21 Eucaliptus; 22 St. Carles; 
23 Parc de Garbí. Sample frequency codes: A Weekly from May-Sept., bimonthly rest of the year, 
harbours, B Bimonthly May-Sept., monthly rest of the year, beaches, C Bimonthly May- Sept., monthly 
rest of the year, harbours D Extra, beaches 
In the present study a combination of TEM and SEM was employed to elucidate, 
for the first time, spatial and temporal distributions of Pseudo-nitzschia species along 
the NE Spanish coast during one and a half years. Morphologic characteristics of the 
detected species were carefully analyzed and compared with data available in the 
literature.  
To characterise the different Pseudo-nitzschia sp identified in the sample location 
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and enable comparative studies of specific characteristics in the future, a culture 
collection was initiated using isolates from the different locations sampled. For each 
strain, cell yield and growth rate were determinate and were submitted to HPLC 
analysis of pigments. Special attention was given to possible differences in composition, 
and/or relative importance of individual pigment compounds, which would allow some 
degree of species classification using a simple analytical tool.  Moreover, ITS region 
has been shown to be very informative (Coleman, 2003; Amato et al., 2007) for the 
identification of the genus Pseudo-nitzschia. The ITS-1, 5.8S, and ITS-2 sequence data 
were used as a means of confirming the identification already performed by light and 
electron microscopy analyses of morphologic features 
. 
Finally, to identify the potential biotic and abiotic variables controlling the 
observed spatial and temporal distributions of Pseudo-nitzschia species in the area 
studied, statistical analysis was performed. 
Material and methods 
Sampling 
The stations sampled in the present study were selected on the basis of 
experiences obtained during 10 years of regular monitoring of the coast and included 
the period of January 2005 May 2006 (Vila, 2001). These locations (Fig. 1) cover 
relevant points of interest in the area, and include all those known to be affected by 
(recurrent) algal blooms. This coastal section is over 500 km long and many locations 
are densely populated. Chemical conditions along the coast are strongly influenced by 
inflows of nutrient-enriched freshwater of continental run-off and the rivers, mainly the 
River Ter (6-20 m3 s-1) in the north, the Rivers Llobregat (14-30 m3 s-1) and Besòs (2.6-
7.2 m3 s-1) in the central part, and the large River Ebro (130-630 m3 s-1) in the south 
(Idescat, 2006).  
Water samples were collected (for details on the sampling frequency see Fig. 1) 
with a bucket, in which standard hydrographic parameters (temperature and salinity) 
were directly measured using WTW probe (Model 315). Subsamples (150 ml) for 
taxonomic identification of the total phytoplankton population using inverted light 
microscopy (outlined below) were directly fixed with Lugols iodine solution. 
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Additional subsamples (50 ml) for analyses of nutrients were stored on ice during 
transport to the laboratory and frozen (-20°C) upon arrival. Nutrient samples were 
analysed with an autoanalyzer as described in Grasshoff et al., (1983). Probable 
inorganic dissolved nutrient limitations have been calculated as in Justic et al. (1995). 
The criteria of probable nutrient limitation is as follows: P limitation (P <0.1 µM; 
DIN:P >22; Si:P >22), N limitation (DIN <1 µM;DIN:P <10; Si:DIN >1), and Si
limitation (Si <2 µM; Si:PO4 <10; Si:DIN <1). 
Light microscopy  
Subsamples (50 ml) were allowed to settle in counting chambers for 24 h and 
phytoplankton were subsequently enumerated in an appropriate area depending on the 
cell number (field or transect) using a Leica-Leitz DM-II inverted bright field 
microscope with at a 200-400x magnification according to Throndsen, 1995. A total of 
618 samples were counted. The limit of detection of the Utermöl method is 20 cells L-
1(Utermöhl, 1931). Identification of the species among the genus Pseudo-nitzschia in 
the light microscopy was attempted on the basis of the length and shape of the cells 
(Trainer and Suddleson, 2005).  
Electron microscopy 
When observations with the light microscope revealed a Pseudo-nitzschia spp. 
population exceeding 104 cells L-1, Lugol-fixed samples were subjected to SEM (63 
samples) and TEM (7 samples) procedures. Samples were observed at TEM to 
distinguish the fine structure of the poroids and confirm identification. Samples with 
lower concentrations (<104 cells L-1) were not studied because little material was left 
after cleaning of the samples. 
For both techniques (SEM and TEM) organic material was removed from the 
samples with sulphuric acid and potassium permanganate with posteriors addition of 
oxalic acid as described in Lundholm et al. (2002b). For SEM the remaining material 
was mounted on a polycarbonate filter and this was attached on stubs with colloidal 
silver and then sputter-coated with gold-palladium. The stubs were screened by a 
Hitachi S-3500N microscope operating at 5 kV. For analysis with TEM, drops of 
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cleaned material were placed on Formvar-coated copper grids, dried and studied with a 
Hitachi H800 microscope. 
Morphometric characteristics  
Cells identified as Pseudo-nitzschia were carefully examined for several 
characteristics under SEM, including the width and length of the valve, the density of 
striae, fibulae and poroids on valves, the structure of girdle bands and the pattern of 
perforation in the poroid hymenes. In each sample, organisms were identified in 
different appropriate area of the filter, from one transect to whole filter depending on 
the cell abundance (minimum cell number measured= 30). Length and width of all the 
whole cells were always measured (Table 1) and the number of measurements of fibulae 
and striae were variable and depending on the species. The percentages of each species 
obtained in SEM were applied to the cell counts. 
Clonal cultures 
From live field samples examined under an inverted microscope (Leica DM-II 
inverted bright field microscope), cells identified as Pseudo-nitzschia spp. were isolated 
with a glass Pasteur pipette and transferred to a tissue culture flask filled with silicate-
containing f/2 or L1 medium (Guillard, 1975; Guillard and Hargraves, 1993). These 
flasks were subsequently maintained at 19 - 21 ± 1ºC using a 12:12 h light:dark cycle. 
Illumination was provided by fluorescence tubes (Gyrolux, Sylvania, Germany), 
providing a photon irradiance of 100 μmol photons m-2 s-1. With these procedures a total 
of 42 clonal cultures (belonging to five species identified with SEM) were established. 
In this study we present data on growth rate, cell yield and molecular and pigment 
characterization for one representative strain of each species. 
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Table 1. Representative morphological characteristics observed for NW Mediterranean Pseudo-nitzschia species from field samples compared with literature data. a Hasle 
(1995), Priisholm et al (2002), Lundholm et al (2003). b Kaczmarska et al (2005), c Orsini et al  (2002) Number in italic show mean ± SD. All measures were done with SEM. 
N= number of observation. *Differences from description
Taxa Valve shape Fibulae/ Striae/ Row of Poroids/ Central Length Width N Length and  N Fibulae, 
   10 µm 10 µm poroids 1 µm nodule (µm) (µm) Width   Striae  
P. brasiliana rectangular 22-27* 23-28* 2 7-10 ?  34.1-39.4 2.3-3.3    
24.6 ± 1.5 25.2±1.6  8.7 ± 0.8  36.5 ± 1.6 2.7± 0.2 18  10 
a  20-26 20-26  7-10  12-65 1.8-3    
P. calliantha linear 15-26* 30-40* 1 4-5 + 41.4-123.1* 1.1- 2.4*    
18.9±2 35.8 ±1.9  4.7±0.5  79.3 ± 11.3 1.7± 0.2 1450  32 
a  15-21 34-39  4-6  41- 98 1.3-1.8    
P. delicatissima lanceolate 20-28 36-42 2 9-11 + 32.3-78* 1.01-2.4*    
23.1±2.2 37.3±1.9 9.9±0.7  44. 8 ±  6.7 1.6± 0.3 612  14 
a  19-26 35-40  8-12  19-76 1.5-2    
b  20-30 33-42  9-12.5  39-71 1.3-1.7    
P. fraudulenta lancelolate 19-24 21-24 2 5-6 + 38.9-131.5* 2.9-7.1*    
21.1±1.5 22.7±1.2 5.5±0.5 71.± 20.3 5.1± 1.0 264  10 
a  12-24 18-24  4-7  50-119 4-6.5    
b  20-24 21-23  5-6  93-98 5-6    
P. multistriata lancelolate 22-26 36-42 2-3 9-13 ?  35.9-58.5 2.2-4.2*   11 
24.2±1.9 38.7±2.1 11.6±1.3 50.1± 4.5 3.4± 0.4 45   
a  22-28 36-46  10-12  34-60 2.3-4    
c  23-32 37-44  11-13  38-50 2.5-4    
P. pungens Linear- 9-13 9-13 2 2.5-3 ?  70.1-155.9 2.2-4.8*    
 lanceolate 11.2±1.3 11.4±1.4 3.0±0.2 116.9± 24.6 3.75± 0.57 81  10 
a  9-15 9-15  2-4   37-142 2-4.5    
b  10-11 10-11  1-3  95-156 3.5-4.2    
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Growth rates 
The growth rates of the strains in L1 medium prepared in filtered seawater with a salinity 
of 36 were determined. Batch cultures were grown in 50 mL polycarbonate bottles and 
maintained in the growing conditions described above. Growth experiments were started with 
exponential population of parental strains. Every second day, 1 mL subsamples were fixed in 
Lugols iodine and counted in a cell chamber under an optical microscope (Leica-Leitz DM-
Il, Leica Microsystems GmbH, Wetzlar, Germany) at a 200-400x magnification, and the 
number of cells was recorded. Cell abundance was used to calculate exponential growth rates 
according to the method of Guillard, 1973.  
DNA extraction, PCR amplification and sequencing 
All samples for sequencing were obtained from 15 ml of pure non-axenic cultures. 
DNA was extracted with the DNeasy® Plant Kit (Qiagen) -following the manufacturers 
protocols, with the exception of the elution volume being reduced to 25 µl. The ribosomal 
DNA region, including the ITS-1, 5.8S and ITS-2, was amplified using the primers MicroSSU 
(5´-GTGAACCTGCG-GAAGGATC-3´) and Dino E (5-CCKSTTCAYTCGCCRTTAC-3) 
in 25 µl reaction tube containing 1X polymerase buffer (Invitrogen), 1.5 µM MgCl2, 400 µM 
dNTP´s, 2 µM of each primer, and 1 U Taq DNA polymerase (Invitrogen). All of the 
amplifications were carried out in an Eppendorf MasterCycler using a program of 40 cycles of 
30 sec at 94ºC and 30 sec at 54ºC, followed by 1 min at 72ºC with a pre-cycling incubation of 
5 min at 95ºC and a post-cycling incubation of five min at 72ºC. The resulting amplicons of 
approximately 800 bp were cloned into the vector pCR2.1-TOPO (Invitrogen) for growth in 
Escherichia coli DH5. Tranformant bacterial clones were screened using PCR and the 
primers and conditions shown above. One positive transformant clone representative of each 
isolate was submitted to a private company for bidirectional sequencing [Sistemas 
Genómicos, Valencia, Spain]. The plasmid clones of the rDNA were obtained in order to 
maintain a permanent record of these species sequences for future reference and/or other 
projects. The sequences obtained from these clones are those used in this study. However 
direct sequencing of PCR products of some of these strains as well as others obtained during 
the same time period as this study have not shown any significant indels or intrastrain 
variation of the IT-S, 5.8S, and ITS-2 rDNA. The sequences were analyzed using a BLAST 
search with no a priori knowledge of the morphometric characteristics or the possible 
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identities of the cells. 
Pigment analyses 
For pigment analyse algal cells from 50 mL cultures in exponential growth (f/2 and L1) 
were concentrated on 25 mm GF/F filters by vacuum filtration (-25 Kpa). The filters were 
extracted in 3 mL 90% acetone and analysed with the HPLC method of Zapata et al., (2000). 
Details of the sample treatment, the chromatographic setup and adaptations of the method 
employed were previously described by Van Lenning et al., (2003). The HPLC was calibrated 
with authentic pigment standards obtained from DHI, Denmark. Concentrations of accessory 
pigments detected in individual cultures were normalized to chlorophyll a (chl a), the proxy 
for algal biomass, and their contributions to the total pigment load were calculated. Results 
obtained for 3 different strains of the same species were averaged and the final results are 
presented for comparison (Table 2). To follow the variation of the pigment composition in P. 
delicatissima thought the growth period a time series was performed. Every day, samples 
from a culture were taken and posterior analysed until the stationary phase. 
Statistical analysis 
To identify potentially variables controlling the temporal and spatial dynamics of 
Pseudo-nitzschia sp in the Catalan coast one matrix was created (temperature, salinity, 
freshwater content (FWC), chlorophyll a, dissolved inorganic nutrients and the Pseudo-
nitzschia species abundance, n=44). The species, P. brasiliana appeared only once in the 
study period, so the sample was excluded for the statistical analysis.  Prior to all analysis 
abiotic data were transformed v = log10 (v + 1) and biotic data were transformed v = (v+1). 
As any variable presented a normal distribution (KolmogorovSmirnov and Shapiro-Wilk) 
only non parametric statistical analyses were applied. The following analysis were performed: 
Analysis of Similarities (ANOSIM) of one-way with its corresponding pairwise tests if 
needed, Cluster Analysis using the group average method and working with Euclidean or 
Bray Curtis distances with its corresponding Similarity Profile (SIMPROF) to create 
objectively-defined groups, Multi-Dimensional Scaling (MDS), BEST (Biota and 
Environment matching test) and Similarity Percentages (SIMPER) in order to determine 
crucial variables. All these analysis were performed using Primer 6 statistical package (Clark 
and Warwick, 2001). Additionally, tables using Spearman rank order correlations among all 
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variables,  transformed v = log (v+1), were created using STATISTICA 6.1 statistical 
package (StatSoft, 2003).  
Table 2. Mean relative contributions of Chl a (n.c.), degradation products and accessory pigments to the total 
pigment load (%) determined for a culture collection of five different Pseudo-nitzschia species grown in F2 and 
L1 culture media. Vertical arrangement of accessory pigment is based on descending mean relative importance.  
Results 
Morphological characterization by light and SEM microscopes and sequencing 
analyses 
During the period 2005-2006 six different Pseudo-nitzschia species were identified in 
the field samples collected. These species include (in alphabetic order): P. brasiliana
Lundholm, Hasle and G.A. Fryxell (2002), P. calliantha Lundholm, Moestrup and Hasle 
(2003), P. delicatissima (Cleve) Heiden (1928), P. fraudulenta (Cleve) Hasle (1993), P. 
multistriata (Takano) Takano (1995) and P. pungens (Grunow ex Cleve) Hasle (1993).  
A summary of the main morphological characteristics for each species is presented in 
Table 1 and compared with values available in the literature. Images of each species are 
presented: P. brasiliana Lundholm, Hasle and Fryxell (Fig. 2A and 2D);  P. calliantha 
Lundholm, Moestrup and Hasle (Fig. 2B, 2E and 2G; P. delicatissima (Cleve) Heiden (Fig. 
2C, 2F and 2H); P. fraudulenta (Cleve) Hasle (Fig. 3A and 3D); P. multistriata (Takano) 
Takano (Fig. 3B, 3E and 3F); P. pungens (Grunow ex Cleve) Hasle (Fig. 3C and 3G). 
M edium: F2% L1% n.c. F2% L1% n .c. F2% L1% n.c. F2% L1% n.c. F2% L1%
n= 4 10 2 1 5 1 7 1 5 1
Chl a 26.8 21.1 - 38.9 19.6 - 46.3 50.2 - 39.5 52.2 - 44.1 54
Chlide a 20.5 22.1 1.55 11.6 24.8 0.05 4.7 2.6 0.05 9.2 1.6 0.03 7.5 0.4
Chlide a-2 n .t. 1.7 0.12 n .t. n .t . n .t. n .t . n .t . n .t . n .t. n .t . n .t. n .t. n .t.
?  Ch l a-like: 47.2 45 2.67 50.5 44.4 0.05 51 52.8 0.05 48.7 53.8 0.03 51.5 54.4
Fucoxanth in 30.8 30.7 1.83 25.1 30.7 0.6 31.5 30.1 0.6 31.2 27.5 0.53 27.9 26.7
Chl c2 7.6 8.5 0.51 15.4 16.5 0.22 10.8 11.1 0.22 9.9 8.5 0.16 8.9 7.9
Chl c3 8.5 9.1 n .t. 4.1 3.3 n .t. 1.4 0.9 n .t. 4 6.1 n .t. 2.7 2.3
Chl c1 n .t. n .t. 0.55 n .t. n .t . 0.02 n .t . n .t . 0.02 n .t . n .t. 0.12 4.2 3.5
Diad inox. 2.9 2.8 0.18 3 1.5 0.05 2.5 2.5 0.05 3 1.6 0.03 3 1.9
cis  Fucoxan . 1.7 2.6 0.17 0.7 1.5 0.03 1.8 1.5 0.03 2 1.2 0.02 1.6 2.1
 , -caro tene 0.9 0.8 0.05 1 1.3 0.02 0.9 0.8 0.02 0.9 1.1 0.02 0.7 0.8
Chl c2-P . gy ran s 0.3 0.2 0.01 0.5 0.5 0.01 0.2 0.3 0.01 0.4 0.2 0 0.3 0.2
M gDVP 0.1 0.2 0.01 0.1 0.4 0.003 0.01 0.2 0.003 0.02 0.1 0.001 0.1 0.1
?  A cces s o ry : 52.8 55 3.31 49.8 55.6 0.95 49.1 47.2 0.95 51.4 46.2 0.88 49.5 45.6
P. fraudulP.delica tissima P. pungens P. ca llian tha P. multistria ta
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Fig 2. SEM (scanning electron microscopy) and TEM (transmission electron microscopy) of Pseudo-nitzschia 
species in NW Mediterranean Sea, Fig 2A and D, P brasiliana (St. 13, 12/09/05); Fig. 2B, E and G, P. calliantha 
(St. 8, 14/03/05); Fig. 2C, F and H, P. delicatissima (culture ICMB-102, St. 22). 
Considering the cell length, two groups can be distinguished: smaller than 60 µm, 
which includes P. brasiliana, P. delicatissima and P. multistriata; and larger than 60 µm, 
which contains P. calliantha, P. fraudulenta and P. pungens. Moreover, the width of cells was 
considered to be an important morphological characteristic (Hasle et al., 1996; Trainer and 
Suddleson, 2005). Based on this character Pseudo-nitzschia species were subdivided into two 
groups: the P. delicatissima group with narrow valves (width 3 µm) and the P. seriata 
group” with wide valves (width 3 µm). The first group includes the three species P. 
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brasiliana, P. calliantha and P. delicatissima. The second group includes P. fraudulenta and
P. pungens. P. multistriata has a range of widths that overlaps the 3 µm threshold value 
(Table 1). 
Fig. 3. SEM (scanning electron microscopy) of Pseudo-nitzschia species in NW Mediterranean Sea, Fig. 3A and 
D, P. fraudulenta (St. 22, 4/07/05); Fig. 3B, E and F, P. multistriata (St. 15, 28/08/05); Fig. 3C and G, P. pungens 
(St. 11, 27/02/05).  
The analyses of the ITS-1, 5.8S and ITS-2 region of the rDNA from our strains were 
compared with representative strains of GenBank and maximum identity was estimated using 
a Blast analysis (Table 3).   
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Table 3. Culture strains of different Pseudo-nitzschia species from NW Mediterranean. Strain code, GenBank 
number, growth rate and cell yield of each strain. Reference strains were used from the GenBank: source, 
accession number and maximum identity estimated using a Blast analysis
Growth rates and cell yield 
From the five species, P. delicatissima presented the highest recorded growth rates and 
cell yield reached in culture (1.61 d-1), the lowest growth rate was obtained from P. 
fraudulenta and the lowest cell yield from P. pungens (Table 3).  
Pigment composition of cultures  
Most pigments identified in the culture collection were common to all five Pseudo-
nitzschia species considered, regardless of the strain, growth medium or physiological stage. 
Chl a comprised on average 39.3% of the total pigment content (tpc) identified in the cultures. 
Common accessory compounds were also estimated (Table 2). Trace levels of a Chl c2-like 
Pavlova gyrans-type pigment (0.3% tpc) and MgDVP pigment (0.1% tpc) should probably be 
included in the range of common Pseudo-nitzschia pigments, but they were not always within 
detection levels. Chl c1, the monovinyl analogue of Chl c2, was only detected in cultures of P. 
fraudulenta (3.8% tpc). The Chl a degradation compound Chlorophyllide a was detected in 
all cultures, but was always exceptionally abundant in extracts of P. delicatissima and P. 
pungens (20.522.1 and 11.624.8% tpc in F2 and L1 media, respectively). A second 
Chlorophyllide a form (Chlide a-2; 1.7% tpc) with a retention time similar to Chl c1 was 
detected in P. delicatissima grown in L1 medium. Synthesis of Chl c1 comprised the only 
significant difference in pigment compositions detected, and its possible coelution with 
Chlide a-2 underlined the need for on-line spectral data regarding identification purposes. In 
aging cultures several additional compounds came within detection levels (Fig. 4), including a 
Species Strain Sample Genbank Growth Cell Genbank source Accession Max
code location  number  rate (d-1)  yield cell L-1 number  ident
P. brasiliana ICMB175 Pt Olimpic 1042372 - - Hasle& Lundholm, 2005 DQ062662 99%
P. calliantha ICMB119 Rápita DQ990359 0.67 1.35E+08 Lundholm et al., 2003 AY257856 99%
Lundholm et al., 2003 AY257855 99%
P.delicatissima ICMB102 Rápita DQ990363 1.61 5.61E+08 Amato et al., 2005 AY764136 99%
Orsini et al., 2004 AY519309 98%
P. fraudulenta ICMB104 Arenys DQ990365 0.44 1.70E+08 Lundholm et al., 2003 AY257840 98%
Fehling, J. et al., AM118040 98%
P. multistriata ICMB115 Tarragona DQ990369 0.71 1.34E+08 Lundholm et al., 2003 AY257843 98%
P. pungens ICMB108 Pt Olimpic DQ990370 0.47 6.03E+07 Hoang, A.L DQ166533 97%
Lundholm et al., 2003 AY257846 97%
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Chl c3 derivative, a phaeophorbide, an unknown carotenoid, a lycopene derivative and a range 
of Chl a derivatives (like allomers). These compounds were not detected during the 
exponential phase, and none of them was typically associated with a specific species. The 
carotenoid diatoxanthin is usually considered to be a common compound of the light-
harvesting system in diatoms, but during the present study this carotenoid was not positively 
identified in any extract analyzed.  
Fig. 4. Representative absorbance chromatogram obtained for an extract of Pseudo-nitzschia multistriata culture, 
simultaneously containing most pigments and degradation products detected in the culture collection employed. 
Results obtained with the P. delicatissima pigment time-series (Fig. 5) revealed that 
degradation of Chl a occurred at all times, but with an increasing tendency with age of the 
culture. The sum of the accessory pigments identified in the Pseudo-nitzschia culture 
collection (not including the Chl a degradation products) comprised on average 50.2% tpc, 
with minor variations between species and culture medium (Table 2).The relative importance 
of Chl a + Chlide a, however, only showed minor variations between the 9 days of sampling 
(Fig. 5), with a mean value of 43.3% tpc, similar to the value obtained for the total culture 
collection analyzed (Table 2). In all five species the accessory pigments were strongly 
dominated by fucoxanthin, and the relative importance of this specific carotenoid oscillated 
within a narrow range, from 26.7% tpc in P. fraudulenta to 30.7% tpc in P. delicatissima. The 
relative importance of fucoxanthin always yielded the lowest values in cultures characterized 
by the lowest degradation of Chl a. Chl c2, the second most important pigment, showed 
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relatively large variations between species, ranging from 7.9% tpc in P. fraudulenta to 16.5% 
tpc in P. pungens, but the values did not change greatly according to the growth media. Large 
variations were observed even for Chl c3 (0.89 - 9.13% tpc), whereas the far less important 
pigments (<3% tpc) diadinoxanthin, ,-carotene and Chl c2-P. gyrans, showed only minor 
variations. During the P. delicatissima pigment time-series the relative importance of the 
accessory pigments oscillated within a very narrow window, showing no clear variations 
according to the culture age.  
Fig. 5. Temporal variations in the relative contributions of accessory compounds to the total pigment content 
observed during growth of P. delicatissima in L1 medium.  
Environmental variables accompanying high cell densities of Pseudo-nitzschia
species 
During the sampling period, surface water temperature values fell within the range 
commonly reported for the coastal surface waters of the NW Mediterranean, ranging from 8.2 
to 28.9ºC. The period of cold waters (8 to 16ºC) included January to March 2005 and from 
November 05 to April 2006 and the warm months from April to October 2005. In general, 
during the warm period at the south station the temperature was higher than in the northern 
area (Fig. 6A). Salinity ranged from 18 to 38, in the south, especially at station 22 where 
lower salinity was registered due to the influence of the water discharges of the irrigation 
channel in this area (Fig. 6B). 
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Fig. 6. Temporal-spatial distribution of; A) Pseudo-nitzschia spp and temperature; B) salinity. The dots on the 
graphs are the sampling stations C) DIN µM; D) PO4 µM; E) SiO4 µM; F) ratio DIN/PO4 (note that there is no 
limitation at any point); G) ration DIN/SiO4 ( indicated places were there are limitations of SiO4 according to 
Justic et al, 1995) 
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Highest DIN concentration were found at station 8 along the period of study with values 
above 100 µM, at the south station values of approximately 20 µM were found (Fig. 6C). PO4
showed concentration above 0.5 µM sporadically, but in the period from September to 
November 2005 there was an increase in all the sample stations (Fig. 6D). Both SiO4 like DIN 
showed high concentration at station 8 and at the south stations, especially at station 22, 
where the freshwater supply normally occurs (Fig. 6E). The DIN:P ratio is affected for the 
high concentration of DIN in station 8 showing, here, similar pattern. Moreover, in the south 
high values were measured (Fig. 6F).The DIN/Si ratio showed high values in the south region 
from January to April 2006. Probable Si limitation was found mainly in station 10, and from 
May to September in other station (Fig. 6G). Only twice probable DIN limitation and thrice 
limitation P were found. During the study period, Chl a showed a wide range of values, with a 
maximum of 91.8 mg L-1 in July and a minimum of 0.05 mg L-1 in September (data not 
shown). 
Pseudo-nitzschia spp distribution patterns 
Pseudo-nitzschia spp. were present along all the coast, with high cell abundance in 
winter-early spring (January to May) 2005, and in early 2006. Moreover, in 2005, high cell 
abundance was observed at the southern stations from late summer to autumn (September to 
November 2005). Periods of no cell presence were restricted to the warmest months (June and 
July 2005) on the entire coast and December to January 2006 at the northern stations (Fig. 
6A).  The distribution patterns of the most abundant species along the coast (the 23 stations 
sampled were arranged from N to S during the 17 months of study) is presented in Fig. 7. 
Pseudo-nitzschia brasiliana was only found at station 13 in September 2005, with a 
maximum cell abundance of 2.58 x105 cells L-1 (Fig. 7A).  
P. calliantha was mainly found from January to April at the northern stations in both 
2005 and 2006. In the south it was present sporadically at station 20 in January. At station 22 
a persistent bloom of this species was present from August to November 2005 and from 
January to March 2006 (Fig. 7B). Maximum cell abundance (>105 cells L-1) was found at 
stations 4, 16, 22 and 23.  
P. delicatissima was present during the cold months at the northern stations in 2005. In 
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the south it was present at station 22, but with lower abundance than P. calliantha. In 2006 it 
was abundant in the south from December to May (Fig. 7C). Maximum cell abundance (>105 
cell L-1) was found at stations 4, 16, 18, 19 and 23. 
Fig. 7. Temporal-spatial distribution of the most abundant Pseudo-nitzschia species 
P. fraudulenta was present in 2005 in the north from February to April with relative low 
densities (>103 cell L -1). In 2006, the species appeared sporadically in the same months in the 
south (Fig. 7D). In this study, the maximum cell abundance of the species was 2.61 x 105 cells 
L-1 and it was mainly mixed with P. calliantha.  
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P. multistriata was only found at stations 15, 16 and 19 from August to September in 
2005 in bloom concentrations (cell abundance >105 cell L-1) (Fig. 7E). 
P. pungens was present in the north from February to May in 2005 and sporadically at 
other stations (Fig. 7F). Its cell abundance was no higher than 105 cells L-1.  
Statistical analysis 
No significant differences between samples from the north and south stations were 
noted when performing ANOSIM tests, neither with biotic and abiotic variables, nor between 
seasons.  
Table 4. Summary of critical variables and stations for each abiotic and biotic groups 
However, using only data of abundances of Pseudo-nitzschia species and performing a 
cluster with its corresponding SIMPROF test (p<0.05), three groups of samples were 
differentiated as it showed in MDS test (Fig. 8A): one (a) characterised by a high abundance 
of P. delicatissima, which includes all samples from stations 01, 03, 17 and 21; a second 
ABIOTIC GROUP ST. NR. STATION BIOTIC GROUP ST. NR. STATION
a 01 Ros es a 01 Ros es
02 Em puriabrava 03 Muga
? NO3 03 Muga ? P. calliantha 08 Arenys
? SiO4 04 Es tartit ? P. delicatis s im a 15 Tarragona
05 Fosca 17 Cam brils
07 Blanes 19 L'Am etlla
08 Arenys 21 Eucaliptus
10 Parc del Litoral 22 St. Carles
11 Olím pic b 04 Es tartit
12 Barcelona 06 Palam ós
15 Tarragona ? P. calliantha 07 Blanes
16 Palam ós ? P. delicatis s im a 08 Arenys
18 Alguer 10 Parc del Litoral 
19 Am etlla 11 Olím pic
20 Am polla 12 Barcelona
21 Euca liptus 18 Alguer
22 St. Carles 19 Am etlla
23 Parc Garbi 20 Am polla
b 04 Es tartit 22 St. Carles
08 Arenys 23 Parc Garbí
? NO3 17 Cam brils c 02 Em puriabrava
? SiO4 19 Am etlla 04 Es tartit
20 Am polla ? P. calliantha 05 Fosca
23 Parc Garbí ? P. delicatis s im a 06 Palam ós
08 Arenys
11 Olím pic
15 Tarragona
19 Am etlla
20 Am polla
Station  only pres ent in that group 23 Parc Garbí
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group (b) characterised by high abundances of P. delicatissima and P. calliantha, which 
includes all samples from stations 07, 10, 12 and 18 and finally a third group (c) characterised 
by high abundances of P. calliantha, which includes all samples from stations 02 and 05 
(Table 4).  
Table 5.- A) Pseudo-nitzschia abundance (mean and standard deviations) of each biotic group. 5.- B) Abiotic 
variables (mean and standard deviations) of each abiotic group 
Means and standard deviation (SD) of abundances of each group are shown in Table 
5A. In contrast, using only data of abiotic variables and performing both a cluster and a 
SIMPROF test (p<0,05), two groups of samples were identified, as showed in MDS  (Fig. 
8B): one (a) characterised by a low concentration of NO3 and SiO4, which includes all 
samples from stations 01, 02, 03, 05, 07, 10, 11, 12, 15, 16, 18, 21 and 22; and a second group 
(b) characterised by high concentration of NO3 and SiO4, which includes all samples from 
station 17 (Table 4). Means and SD of abundances of each group are shown in Table 5B. 
Abiotic and biotic groups did not match and this result was confirmed by BEST analysis, 
which demonstrated that any abiotic variable, or any combinations of them, could accurately 
explain the distribution of Pseudo-nitzschia species in the area of study. This result was again 
corroborated by the correlation Table (Table 6) that showed a low degree of association 
between abiotic variables and abundances of Pseudo-nitzschia spp. Nevertheless, several 
species of Pseudo-nitzschia showed significant correlations with some abiotic variables: P. 
delicatissima with temperature (positive correlation), salinity (negative correlation), 
freshwater content (positive correlation) and NO2 (positive correlation); and P. fraudulenta
with salinity (positive correlation), freshwater content (negative correlation) and NO2
(negative correlation). Furthermore, P. delicatissima was negatively correlated with P. 
fraudulenta, and in relation to abiotic variables, temperature was negatively correlated with 
salinity and positively with freshwater content, SiO4 was positively correlated with NO3 and, 
lastly, PO4 was positively correlated with NH4. 
A
BIOTIC N
GROUP Mean SD Mean SD Mean SD Mean SD Mean SD
a 8 510 ± 947 30898 ± 17394 474 ± 1341 233 ± 660 8171 ± 17720
b 20 251431 ± 267987 325707 ± 599481 27238 ± 66053 0 ± 0 7610 ± 13804
c 16 13020 ± 11446 1603 ± 1841 5807 ± 9286 1509 ± 5428 3604 ± 7729
P. multistriata P. pungensP. calliantha P. delicatissima P. fraudulenta
B
ABIOTIC
GROUP Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
a 36.0 17.6 ± 5.2 36.8 ± 1.1 42.4 ± 29.6 2.5 ± 1.6 8.6 ± 10.6 0.3 ± 0.3 3.0 ± 2.6 0.4 ± 0.4 5.1 ± 3.7
b 8.0 19.6 ± 5.3 35.1 ± 1.5 87.2 ± 38.9 5.8 ± 6.3 71.2 ± 63.9 0.4 ± 0.3 2.6 ± 1.3 0.4 ± 0.2 27.9 ± 18.4
SIO4N NO3 NO2 NH4 PO4Temp Sal FWC Chl-a
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Discussion 
Improvements in taxonomic identification and differentiation of Pseudo-nitzschia under 
the optical microscope have been a continuous challenge for many studies carried out during 
the last decade. Detailed examination of such organisms requires electron microscopic 
examination of ultrastructure and analysis of genetic variations. We studied strains of 
different Pseudo-nitzschia species isolated from the Spanish coast (NW Mediterranean) from 
2005 to 2006. The strains were characterized using morphological, molecular, and 
physiological methodologies in order to understand the species present in the field. Moreover, 
field samples were observed with both optical and electron microscopy to identify ecological 
variables under which these species proliferate in high densities.  
Table 6. Correlations table between abiotic variables and Pseudo-nitzschia spp. abundances. 
The morphometric measures of the Pseudo-nitzschia species found on the Catalan coast 
fit with those reported in previous studies on P. brasiliana, P. multistriata and P. pungens. 
However, some data differ for P. calliantha, P. delicatissima and P. fraudulenta. We reported 
length values of up to 123.1, 78 and 132.5 μm, while other works reported maximum lengths 
of 98, 71 and 98 µm, respectively. The maximum length values were recorded during periods 
of high cell abundance. It has been hypothesized that during a bloom, sexual reproduction 
occurs in order to restore the size of the species (Drebes, 1977; Bates and Davidovich, 2002; 
Mann, 2002).  This suggests that in high cell abundance of Pseudo-nitzschia sp cells are 
larger because sexual reproduction had occurred. 
Variable Spearman Rank Order Correlations, Bold correlations are significant at p<,01
P. delicatiss P. fraudulentaP. multistriaP. pungens Temp Sal FWC Chl-a NO3 NO2 NH4 PO4 SIO4
P. calliantha -0.03 0.05 -0.07 -0.14 0.09 0.06 -0.06 0.14 -0.08 0.09 -0.29 -0.06 -0.19
P. delicatissima -0.56 -0.04 -0.18 0.53 -0.42 0.42 -0.04 0.12 0.41 -0.01 0.15 0.12
P. fraudulenta 0.04 0.31 -0.38 0.47 -0.47 -0.04 -0.06 -0.45 0.10 0.01 -0.13
P. multistriata -0.19 0.28 0.29 -0.29 -0.03 0.12 0.23 0.20 0.31 0.19
P. pungens -0.33 0.20 -0.20 0.05 -0.27 -0.25 -0.06 0.01 -0.13
Temp -0.38 0.38 0.09 0.08 0.25 -0.06 0.28 0.29
Sal -1.00 -0.17 -0.23 -0.35 -0.08 0.08 -0.31
FWC 0.17 0.23 0.35 0.08 -0.08 0.31
Chl-a 0.16 0.21 0.23 -0.03 0.04
NO3 0.36 0.11 0.13 0.68
NO2 -0.09 -0.11 0.32
NH4 0.41 0.12
PO4 0.32
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Fig. 8.- Multi-Dimensional Scaling (MDS) of A) Pseudo-nitzschia abundances, and B) abiotic data. Statistically 
different groups are shown. 
Another important morphological aspect is the width of the cells that are used in 
defining species. Following the literature, the P. seriata group included wide species (width 
 3 µm) (Hasle and Syvertsen, 1997). From this study, P. multistriata had a width range that 
overlapped the 3 µm threshold value. Since other morphological characters differentiate P. 
multistriata, we agree with (Orsini et al., 2002) who suggest that the width of the cell is an 
ambiguous character for grouping species.  
The ITS-1, 5.8S, and ITS-2 sequence data, via a BLAST search, were used to strengthen 
the identification already performed by light and electron microscopy analyses of 
morphologic features of the species cultured. In each case the first species listed in the 
BLAST results was that identified by morphological analysis. It is worth noting that many 
such BLAST searches provided results which showed sequences of near complete identity but 
sometimes with two to four different species names interspersed. This indicates some degree 
of disagreement between morphology and sequence identity (which may be either due to 
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incorrect morphological identification or sequences which were submitted without any careful 
examination by electron microscopy) or the possibility of pseudo-species. For this reason we 
point to the need for the morphometric analysis accompanying the sequencing in order to 
avoid the erroneous identification of species in GenBank. 
In HPLC results obtained for natural field samples or unialgal cultures we usually 
observe that concentrations of Chl a comprise about 50% of the total pigment load (tpc) 
detected. However, in cultured isolates of Pseudo-nitzschia analyzed in the present study the 
relative contribution of Chl a was far less. This was attributed to a marked degradation of Chl 
a to Chlide a. The sum of Chl a and its degradation product Chlide a accounted, on average, 
for 49.9% tpc. Highest degradation was observed in extracts of P. pungens and P. 
delicatissima grown in L1 medium, regardless of the culture age. Since HPLC pigment 
samples were extracted in acetone, which (unlike methanol) hinders activity of 
chlorophyllase, degradation of Chl a must have occurred in the cell itself. Such degradations 
probably indicate unsuitable culture conditions and might possibly not occur in natural 
environments.  
The carotenoids diadinoxanthin (detected in all samples) and diatoxanthin (not observed 
in any sample) form part of a 2-component xanthophyll cycle in all chromophyte algal 
groups, including diatoms. The relative proportions of diadinoxanthin and diatoxanthin can 
therefore not be employed for chemotaxonomic discriminations between Pseudo-nitzschia
species. Based on the pigment time-series on P. delicatissima, relative contributions of 
accessory pigments do not vary with culture age, nor do they usually vary significantly as a 
function of the culture media employed. 
None of the environmental variables studied seemed to play an important role in either 
the spatial or the temporal distribution of Pseudo-nitzschia spp. (BEST and MDS analysis). 
However, even if there is not a statistical relationship between abiotic and biotic variables, 
samples could be objectively grouped depending on: a) the P. delicatissima and P. calliantha
abundances, and b) the NO3 and SiO4 concentrations. The distinction between the groups 
based only these two species of Pseudo-nitzschia spp is obvious, as both species are the most 
abundant in the Catalan coast. The differences between groups on the NO3 and SiO4
concentrations respond to the fact that it is possible to distinguish stations with high 
freshwater influence and, consequentially, high concentration of both inorganic nutrients, 
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from stations with poor inflows of freshwaters and low nutrient concentrations. In addition, 
all correlations obtained in this study between abiotic variables and abundances of Pseudo-
nitzschia spp. were low, confirming the lack of relationship between biotic and abiotic 
variables, which was also demonstrated by BEST analysis. These results are not in agreement 
with those described by Penna et al. (2006), which showed a negative relation between 
Pseudo-nitzschia spp. and phosphate. 
Although none of the specific abiotic variables measured explain either spatial or 
temporal distributions of the species in our coastal area, some general trends can be described 
and thus compared with previous knowledge of each species. P. brasiliana was found in 
September with a water temperature of 24.9ºC. This agrees with the fact that the species has 
been observed mainly in warmer waters, for e.g. Brazil, the Gulf of Panama, the Gulf of 
Mexico, the Gulf of California, Vietnam, Indonesia, Thailand and South Korea. The species 
has recently been described in Mediterranean waters (Quijano-Scheggia et al., 2005). 
P. calliantha has been found in Danish coastal waters, Norway, the North Atlantic, 
Scotland, Kiel Bay, Ría de Vigo in Spain, the Black Sea, the Adriatic Sea, northern Canada, 
the Gulf of Mexico, the Bermudas, Chile, Vietnam and Australia, geographically widespread 
observations which indicate a more or less cosmopolitan distribution (Lundholm et al., 2003). 
Recently, a toxic clone was found in Tunisia (Inès and Asma, 2006). In the bay of Banyuls-
Sur-Mer, NW Mediterranean Sea, P. calliantha was found associated with warmer 
temperatures and relatively nutrient-rich waters (Quiroga, 2006). In contrast to Caroppo et al., 
(2005) which found that P. calliantha was negatively correlated with water temperature and 
positively with nutrient availability. No significant relationship between temperature or 
dissolved inorganic nutrients and the abundance of P. calliantha was found during our studied 
period. 
P. delicatissima is common, occasionally as the predominant diatom species, in the 
north Atlantic (Hasle and Syvertsen, 1997). In the Gulf of Naples it was found to produce 
regular blooms in late spring, with less recurrent peaks in late summer (Orsini et al., 2004). 
Caroppo et al., (2005) found that the dynamics of these species appears to be significantly 
correlated with the environmental features.  In the present study we found only a correlation 
with NO2 and P. delicatissima show high cell abundance under very different abiotic 
conditions. Moreover, this species presented the highest growth rate and cell yield in the lab 
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conditions. Both facts suggest that the species could be described as a r-selected 
phytoplankton species, which have optimized their fitness for conditions with ample resources 
and high growth rate. In fact, when ranking phytoplankton after their growth rates, one of the 
highest values were recorded for diatoms (Stolte and Garcés, 2006). 
P. fraudulenta is a cosmopolitan species (Hasle and Syvertsen, 1997) in the 
Mediterranean Sea that is more abundant during spring but never attains a density higher than 
105 cells L-1 (Zingone et al., 2006). On the Catalan coast, this species appears mixed with 
other Pseudo-nitzschia species such us P. pungens. Moreover, it showed the lowest growth 
rate in the lab, suggesting that it took a long time to reach high cell densities.  
P. multistriata appears in spring in the Mediterranean Sea (Zingone et al., 2006), 
Contrarily, in this study, the specie showed high cell abundance in summer as reported from 
inlets of southern Japan, where it forms blooms in summer (Hasle and Syvertsen, 1997). The 
species has been reported as toxic in previous work (Orsini et al., 2002) but our cultures 
showed no toxicity (Franco, pers. comm.). 
(Grasshoff et al., 1983; Orsini et al., 2002; Caropo et al., 2005),   (Lundholm et al., 2002b),(Guillard, 1975; 
Grasshoff et al., 1983; Orsini et al., 2004), (Guillard, 1973), (Zapata et al., 2000), (Hasle, 1995; Justic et al., 
1995; Throndsen, 1995; Priisholm et al., 2002; Van Lenning et al., 2003; Kaczmarska et al., 2005) 
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Bloom dynamics of the genus Pseudo-nitzschia (Bacillariophyceae) in 
two coastal bays (NW Mediterranean Sea) 
Abstract 
The spatial and temporal variations in the composition of Pseudo-nitzschia during 
bloom events from August 2005 to February 2006 were characterized in two bays of the 
NW Mediterranean Sea (Alfacs and Fangar Bay) by means of scanning electron 
microscopy (SEM). The study provides detailed records of the Pseudo-nitzschia
community at the species level and describes its relationship with both the surrounding 
environmental conditions and biotic factors, such as the accompanying phytoplankton 
community. The size distributions of several species of Pseudo-nitzschia were followed 
during the bloom events. These measurements may serve as indicators of the 
physiological status of the cells. The species observed in the two bays were Pseudo-
nitzschia calliantha, P. delicatissima, P. fraudulenta, P. multistriata, and P. pungens. In 
Alfacs Bay, a mixed species bloom of P. calliantha and P. delicatissima began in late 
August 2005 and lasted 11 weeks. In Fangar Bay, the Pseudo-nitzschia bloom was 
limited to the period from early August to late September 2005 and comprised P. 
calliantha and P. delicatissima. Commonly, the proliferation of Pseudo-nitzschia was 
mono-specific or was accompanied by other diatoms. Two objectively defined groups 
were identified by the statistical analysis in Alfacs bay; the first was made up only of 
winter samples and the second of summer and autumn samples. The first group was 
defined by a high concentration of NO3 and low concentrations of NH4, conditions 
associated with a high abundance of P. delicatissima and a low abundance of P. 
calliantha. The second group expressed the opposite characteristics. A succession of 
different blooming species of Pseudo-nitzschia lasting months in Alfacs Bay is 
described. 
Introduction 
In recent decades, there have been numerous reports of toxic phytoplankton 
blooms occurring worldwide. Increased research efforts have certainly contributed to 
the detection of new, harmful species in some areas. In addition, the growth of shellfish 
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farming as an industry has lead to increased monitoring of harmful phytoplankton and 
marine toxins.  
Several species of the marine diatom genus Pseudo-nitzschia can be problematic 
due to their toxin-producing abilities. At least eleven such species are known to release 
domoic acid (DA), which causes amnesic shellfish poisoning (ASP) (Bates et al., 1998; 
Bates, 2000; Moestrup et al., 2004).  
Alfacs and Fangar Bays (Ebro River Delta, NW Mediterranean Sea) are the most 
important aquaculture sites (fish and shellfish farming) along the NE coast of Spain 
(Catalonia). In these bays, a monitoring program aimed at detecting toxic phytoplankton 
species and related toxins present in shellfish harvesting areas has been in place since 
1989. This effort is part of national and international programs whose goals are to 
prevent food intoxications and to improve the management of shellfish-producing areas. 
Accordingly, the potential presence of the paralytic shellfish poisoning (PSP), diarrheic 
shellfish poisoning (DSP), and ASP toxins has been monitored as mandated by current 
legislation. Although no episodes of ASP on the Catalan coast have been reported, monitoring 
for ASP toxicity remains an important task due to the frequent occurrence of Pseudo-
nitzschia spp. blooms in this area. Additionally, ASP events along the Mediterranean coast 
of France (Ifremer, 2003) and southern Mediterranean were recently reported (Fernández et 
al., 2004). 
In routine monitoring programs, diatoms of the genus Pseudo-nitzschia are not
identified further because optical microscopy is not able to reliably distinguish these 
organisms at the species level. By contrast, electron microscopy and molecular methods 
are valuable tools for the accurate identification of several harmful algae (Hasle, 1995; 
Orsini et al., 2002; Priisholm et al., 2002; Lundholm et al., 2003; Lundholm et al., 
2006); indeed, specific probes have already been developed for the identification of 
Pseudo-nitzschia species (Miller and Scholin, 1998; Miller and Scholin, 2000; Cho et 
al., 2002). However, preliminary studies of several local Pseudo-nitzschia species from 
Alfacs Bay did not result in the development of species-specific probes (Elandaloussi et 
al., 2006) due to the unexpected presence of cryptic diversity within these ''species,'' 
which had been assumed to be cosmopolitan and ubiquitous (Parsons et al., 1999; 
Hasle, 2002; Orsini et al., 2004). 
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The occurrence of blooms comprising Pseudo-nitzschia species have been related 
to high nutrient concentrations in several areas (Parsons et al., 2002; Trainer and 
Hickey, 2003; Spatharis et al., 2007). While natural eutrophication in upwelling regions 
could favor the growth of these species, it is also know that anthropogenic inputs of 
nutrients may equally provoke their proliferation. It is therefore important to more 
precisely identify the conditions that promote the development of Pseudo-nitzschia 
blooms in order to minimize the possible toxic effects on the local shellfish industry. 
Diatoms reproduce asexually, cycling through a miniaturization process in which 
there is a progressive decrease in cell size through successive divisions. The organisms 
recover their original size during sexual reproduction, which consists of meiosis, gamete 
fusion, and the formation of auxospores, during which the cells recover their maximum 
length (Round et al., 1990; Chepurnov et al., 2004). Inside the densely populated 
bloom, the probability that sexually compatible organisms of the same species will meet 
is increased; therefore the probability of detecting cells of increased size is likewise 
higher. Consequently, the proportion of larger organisms could be greater in a bloom 
than in non-blooming natural populations. In order to analyze the variations in cell size 
that occur during different phases of a bloom, and thus determine the life-cycle status of 
a diatom species, the size-frequency distribution of diatom cells can be measured over 
short time intervals within the growing season. 
Nonetheless, field data that allow the interpretation of Pseudo-nitzschia bloom 
dynamics at the species level are lacking. Therefore, the aims of the present study were: 
(i) to determine the diversity among Pseudo-nitzschia species at two bays of the Ebro 
Delta, (ii) to assess the influence of abiotic and biotic factors on this diversity, (iii) to 
explore whether cell size serves as an indicator of life-cycle status in Pseudo-nitzschia
sp., and (iv) to describe the phytoplankton species accompanying blooms of Pseudo-
nitzschia. 
Materials and methods 
Study area 
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Alfacs and Fangar Bays are two semi-enclosed coastal areas within the Ebro River 
Delta (NW Mediterranean Sea 40º40N, 0º40E) (Fig. 1). The two bays are separated 
from the Mediterranean Sea by a wide sandy barrier.  
Alfacs Bay is a semi-confined mass of sea water, with a surface area of 49 km2
and an average depth of 3.13 m. The mouth of the bay is 2 km wide. The edge of the 
bay is surrounded by a shallow shelf (18 km2) that falls in a gentle slope from 0 to 1.5 
m, with an average depth of 0.64 m. Further out, the shelf slopes more steeply, 
descending to a muddy central basin, which has a maximum depth of 6.5 m and an area 
of 31 km2. The bay receives freshwater inputs of about 275×106 m3 year-1 from its 
northern edge between April and October but much less during the rest of the year, a 
seasonal pattern caused by the demands for water imposed by rice cultivation in the 
region. The input of water transports considerable quantities of inorganic nutrients and 
organic matter into the bay (Camp and Delgado, 1987; Prat et al., 1988), which favors 
the development of dense phytoplankton populations (Delgado, 1987). Alfacs Bay is a 
stratified type B estuary, according to the criteria of Pritchard (1955). The salinity of the 
water in the bay is influenced by precipitation as well as by freshwater discharge from 
delta irrigation channels. The bay is characterized by a salinity-dominated stratification, 
with a superficial layer (0 to 23 m deep) of low salinity (3035) and an outward 
movement, and a deep salty layer (salinity: 3638) with an inward movement. Complete 
mixing of the two layers is rare and occurs only in response to very strong wind events. 
Water renovation of the bay varies and is related to the freshwater inputs; the mean 
residence time of water in the bay is approximately 10 days (Camp and Delgado, 1987). 
Thus, volume exchange in the bay, as determined by a box model describing estuarine 
circulation and assuming steady state, is 3×106 m3 day-1 in the closed-channel period 
and 8×106 m3 day-1 in the open-channel period (Camp, 1994). Weather conditions at the 
Mediterranean are such that, almost every year, the water temperature in Alfacs Bay in 
early summer is about 3032ºC. This accounts for the oxygen depletion that occurs in 
the deepest waters of the innermost areas of this shallow bay.  
Fangar Bay is smaller than Alfacs Bay; it is located in the northern part of the 
Ebro Delta, is approximately 12 km2 wide and very shallow, with a maximum depth of 
approximately 4 m. The mouth of the bay is oriented in a northwest direction, such that 
Fangar Bay is exposed to strong northwesterly winds originating from the Ebro Valley. 
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The edge of the bay is delimited by a shallow shelf, which slopes gently from 0 to 1.5 m 
and then more pronouncedly, until the central basin, with a maximum depth of 4 m, is 
reached. The bay receives freshwater inputs of 185×106 m3 year-1 from April to October 
and 55×106 m3 year-1 during the rest of the year. Like Alfacs Bay, Fangar Bay is a 
stratified type B estuary, according to the criteria of Pritchard (1955). The mean 
residence time of water in the bay is approximately 12 days (Camp and Delgado, 
1987). 
Fig. 1. Study area showing the location of sampling stations in Alfacs and Fangar Bays, NW 
Mediterranean Sea 
Sampling 
Water samples were collected weekly at a fixed station situated approximately at 
the center of each bay (station 1 for Fangar and station 2 for Alfacs). Water samples 
were obtained from the surface and from the bottom of the water column. For Alfacs 
Bay, sampling was conducted from September 2005 to February 2006; for Fangar Bay, 
sampling was conducted during the Pseudo-nitzschia bloom, which lasted from August 
to October 2005. Alfacs Bay was chosen as the priority study site, while sampling at 
Fangar Bay depended on the presence of Pseudo-nitzschia blooms. Additionally, for 
Alfacs Bay, monthly phytoplankton samples were taken at station 3 between January 
2005 and February 2006, located within Sant Carles Harbor, inside the bay, in order to 
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quantitatively describe the composition of the phytoplankton community. During the 
Pseudo-nitzschia bloom period, station 2 was also sampled for the same objective. A 
WTW probe was used to measure hydrographic parameters (temperature and salinity) 
directly at the surface (0.5 m) and at the bottom (6 m). For taxonomic identification of 
the total phytoplankton population, subsamples (150 ml) were directly fixed with 1% 
formalin. Additional subsamples (50 ml) were prepared for nutrient analyses using an 
autoanalyzer, as described in Grasshoff et al., 1983. Potential nutrient limitations were 
estimated following the criteria of Justic (1995): P limitation (p<0.1 µM; dissolved 
inorganic nitrogen (DIN): P>22; Si:P>22); N limitation (DIN<1 µM; DIN: P<10; Si: 
DIN>1); and Si limitation (Si<2 µM; Si:P<10; Si: DIN<1). 
Subsamples (150 ml) for the quantification of total chlorophyll-a (Chl a) were 
transported to the laboratory at 4ºC in the dark. In vivo fluorescence was measured with 
a Turner Designs AU fluorometer (Holm-Hansen et al., 1965). 
Light microscopy 
Water samples aliquots (50 ml) for the phytoplankton identification were allowed 
to settle in counting chambers for 24 h, after which algae were enumerated according to 
(Throndsen, 1995) using a Leica DM-IL inverted microscope at a 200-400× 
magnification, depending on species abundance. In each sample, the entire 
phytoplankton community was quantified. The phytoplankton community was 
identified to the species or genus level according to Tomas (1997) and Moestrup et al.
(2004). When identification was not possible, the different taxa were grouped as centric 
diatoms, pennate diatoms, or small and large dinoflagellates. Moreover, ciliates, 
tintinnids, and rotifers were grouped as microzooplankton.  
Electron microscopy  
Samples in which the concentrations of Pseudo-nitzschia spp. cells were > 104
cells L-1 were examined by scanning electron microscopy (SEM) in order to identify the 
diatoms to the species level. Organic material was removed from the samples as 
described in Lundholm et al. (2002). The remaining material was mounted on a 
polycarbonate filter that was attached to stubs with colloidal silver and then sputter-
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coated with gold-palladium. The stubs were screened using a Hitachi S-3500N 
microscope operated at 5 kV. Lower abundance of cells could not be studied in this way 
due to the limitations posed by the fixation methods.  
Morphometric characteristics 
In order to follow the size distribution during the bloom, cells identified by SEM 
as Pseudo-nitzschia were examined and the following information obtained: width and 
length of the valve, density of striae, of fibulae and poroids, structure of the girdle 
bands, and perforation patterns of the poroid hymen. In each sample, 3050 cells were 
identified; the exact number depended on the species abundance and the sample 
composition. The results were expressed as a percentage, extrapolated to the whole 
sample. In each species, four classes of cell sizes were defined; for example, the size 
classes of P. delicatissima cells were <35, 3545, 4555, and >55 µm. Since P. 
calliantha was the most abundant species over an 8-month period, it was used for 
further statistical analyses. Correlations between cell size and P. calliantha abundance 
were tested using the STATISTICA 6.1 statistical package. For the other species, the 
abundance period was too short to allow statistical testing of the data. 
Temporal and spatial statistical analyses 
Since data on Pseudo-nitzschia blooms in Fangar Bay were limited to a 2-month 
period, only data from the diatoms sampled in Alfacs Bay were used for statistical 
analyses. 
A matrix (n=28 for each variable) was created to identify potentially important 
variables controlling the temporal and spatial dynamics of Pseudo-nitzschia spp. Each 
sample was categorized with respect to four factors: season using whole-month criteria 
[summer: 8 August 2005 to 26 September 2005), autumn (3 October 2005 to 27 
December 2005) or winter (03 January 2006 to 20 February 2006)], surface-depth; time 
(with 1 corresponding to the first sample, collected on 8 August 2005, and 197 the 
latest, corresponding to the sample collected on 20 February 2006); and cluster group, a 
factor based on CLUSTER analysis and Euclidean distances with the corresponding 
Similarity Profile (SIMPROF) and divided into three categories (a, b, and c). 
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Afterwards, all raw data or columns in which the values were equal to zero were deleted 
and two sub-matrices were created: one consisting of abiotic variables (temperature, 
salinity, chlorophyll-a, and DIN) and the other of biotic variables (Pseudo-nitzschia
species abundance). Prior to all analyses, the abiotic data were transformed according to 
v = log10 (v + 1) and the biotic data according to v = (v+1). Since not all variables 
were distributed normally (as determined by KolmogorovSmirnov and Shapiro-Wilk 
tests), only non parametric statistical analyses were applied. The following analysis 
were done: i) one-way analysis of similarities (ANOSIM), with corresponding pair-wise 
tests if needed; ii) cluster analysis using the group average method and SIMPROF to 
create objectively defined groups; iii) multi-dimensional scaling (MDS), in which the 
Euclidean distance and similarity percentages (SIMPER) were employed to determine 
crucial variables. All analysis were carried out by using the statistical software Primer 6 
(Clark and Warwick, 2001). Additionally, Spearman rank-order correlations were 
created using the STATISTICA 6.1 statistical package. 
Results 
Species identified in the Ebro Delta bays  
The morphospecies identified from August 2005 to February 2006 in Alfacs and 
Fangar Bays were: Pseudo-nitzschia calliantha, P. delicatissima, P. fraudulenta, P. 
multistriata, and P. pungens (Fig. 2, Table 1). The morphometric characteristic 
corresponded to those previously reported (Hasle, 1995; Priisholm et al., 2002; 
Lundholm et al., 2003) and in agreement with a study on Pseudo-nitzschia composition 
carried out recently in the same geographic area (Quijano-Scheggia et al., 2008). 
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Table 1.- Representative morphological characteristics observed for NW Mediterranean Pseudo-nitzschia species from field samples compared with literature data. a Hasle 
(1995), Priisholm et al (2002), Lundholm et al (2003). b Kaczmarska et al (2005), c Orsini et al  (2002) Number in italic show mean ± SD. All measures were done with SEM. 
N= number of observation.  
Taxa Valve shape Fibulae/ Striae/ Row of Poroids/ Central Length Width N Length and
   10 µm 10 µm poroids 1 µm nodule (µm) (µm) Width  
P. calliantha linear 15-21 30-37 1 4-5 + 41.4-122.7 1.2- 2.2  
18.6±1.3 35.3 ±1.4  4.7±0.5  80.5± 10.8 1.7± 0.2 1190 
a  15-21 34-39  4-6  41- 98 1.3-1.8  
P. delicatissima lanceolate 20-28 35-40 2 8-11 + 32.3-71.8 1.01-2.4  
22.7±1.7 36.6±1.7 9.3±0.8  44.9 ±  6.7 1.6± 0.3 392 
a  19-26 35-40  8-12  19-76 1.5-2  
b  20-30 33-42  9-12.5  39-71 1.3-1.7  
P. fraudulenta lancelolate 19-24 21-24 2 5-6 + 38.9-126.6 2.9-5.6  
21.3±1.8 22.5±1.2 5.8±0.5 60.8.± 15.8 4.21±0.5 130 
a  12-24 18-24  4-7  50-119 4-6.5  
b  20-24 21-23  5-6  93-98 5-6  
P. multistriata lancelolate 22-26 36-42 2-3 9-13  35.9-58.5 2.7-4.1  
24.7±2.1 38.7±2.1 11±1.4 48.3± 8.7 3.3± 0.6 6 
a  22-28 36-46  10-12  34-60 2.3-4  
c  23-32 37-44  11-13  38-50 2.5-4  
P. pungens Linear- 10-13 9-13 2 2.5-3  73.8-146.7 2.6-4.5  
 lanceolate 11±1.2 11.4±1.5 2.9±0.2 112± 17.6 3.4± 0.5 35 
a  9-15 9-15  2-4   37-142 2-4.5  
b  10-11 10-11  1-3  95-156 3.5-4.2  
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Fig. 2. Scanning electron microscopy images of Pseudo-nitzschia species collected from the Ebro Delta. 
A, F, P. calliantha, B, G, P. delicatissima, C, H, P. fraudulenta, D, I, P. multistriata, E, J, P. pungens.  
Environmental conditions in the bays of the Ebro Delta 
Temperatures in Alfacs Bay (station 2) varied widely during the study period, 
reaching a maximum of 26.9ºC in September 2005 and a minimum of 8.1ºC in February 
2006 (Table 2). Salinity ranged from 30.8 to 38. The lowest salinity values were 
recorded at the surface in October and November 2005. High values at the bottom were 
measured in January and February 2006 (Fig. 3). DIN concentrations were higher in 
Alfacs Bay during the winter period and mainly at the surface station. Based on our 
estimates, there were very few cases of DIN limitation during the summer months. 
However, in winter, the PO4 concentration was < 1.4 M and was thus the limiting 
nutrient (Fig. 4A and B and Table 2); the inorganic ratio N/P ranged from 6.8 to 200.8. 
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For silicates, the values were extremely variable, with high levels (>10 µM) measured 
in summer and autumn (Fig. 4A and B). From December to February, the silicate 
concentration was quite stable and no limitations in this nutrient were observed (Fig. 4, 
Table 2). 
The temperature at Fangar Bay (station 1) varied less than the temperature at 
Alfacs Bay during the study period. Salinity measurements indicated stratification 
between 29/8 and 5/9 just after and just before the occurrence of low salinity conditions 
(Fig. 3). During this study, DIN concentrations at station 1 were higher at the bottom 
than at the surface and few cases of DIN limitation were observed. At the bottom of the 
measurement station, limitations in PO4 occurred relatively frequently (50% of the 
data), but only once at the surface station. Silicate concentrations were similar at the 
surface and at the bottom, reaching a maximum on 12 September. No limitations in the 
amounts of silicate were observed (Fig. 5, Table 2).  
Table 2.  Minimum, Maximum, Mean and Number of measures (N) values for chemical and biological 
parameters from surface and bottom in each bay. The period in each bay correspond to the bloom period 
(cell abundance of Pseudo-nitzschia > 105 cells L-1). From 29 August 2005 to 20 February 2006 for 
Alfacs Bays and from 8 August to October 2005 for Fangar Bay. Cases of potential nutrient limitation  for 
DIN, P and Si are marked besides the number of measures.  
Alfacs Max Min Means ± SD n N
TemperatureºC 26.9 8.2 18.18 ± 6.1 41
Salinity 38.0 30.8 34.9 ± 1.6 41
chlorophyll a  µg L-1 10.7 1.0 4 ± 2.1 43
NO-3 µM 38.78 0.69 8.91± 8.9 34
NO-2 µM 1.07 0.05 0.52 ± 0.28 34
NH+4 µM 30.44 0.02 5.88 ± 7.56 34
PO-4 µM 1.37 0.08 0.44 ± 0.28 34
SIO-4 µM 13.53 0.25 5.31± 3.7 34
DIN limitation 2 34
P limitation 19 34
Si limitation 0 34
Fangar Max Min Means n N
TemperatureºC 27.8 19.8 24.2 ± 2.5 17
Salinity 36.6 28.0 34.0 ± 2.3 14
chlorophyll a  µg L-1 11.7 1.0 4.8 ± 2.8 17
NO-3 µM 4.37 0.15 1.67 ± 0.93 14
NO-2 µM 0.93 0.07 0.35 ± 0.28 14
NH+4 µM 30.85 1.33 12.08 ± 10.16 14
PO-4 µM 1.35 0.02 0.53 ± 0.32 14
SIO-4 µM 37.73 3.58 12.45 ± 8.47 14
DIN limitation 2 14
P limitation 5 14
Si limitation 0 14
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Fig. 3. Temporal-spatial distribution of salinity in Alfacs (A) and Fangar (B) Bays.  NW Mediterranean 
Sea  
Bloom composition of Pseudo-nitzschia spp.  
During the 7 months of the study in 20052006, diatoms of the genus Pseudo-
nitzschia bloomed (exceeding cell concentrations of 105 cells L-1) for approximately 4 
months in Alfacs Bay, whereas the extent of the Pseudo-nitzschia spp. bloom in Fangar 
Bay was shorter (3 months). 
In Fangar Bay, the proliferation was characterized by the presence of P. 
calliantha, with low densities (<105 cells L-1) recorded on August 8 at the surface (Fig. 
6 A and C). A mixed bloom of P. delicatissima and P. calliantha with an abundance as 
high as 2 × 10 6 cells L-1 was detected during late August/early September at the surface 
of station 1. By contrast, P. delicatissima (<106 cells L-1) was dominant at the bottom of 
the station in early September. The bloom finished at the end of September 2005.  
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Fig. 4. Weekly biological and chemical parameters in Alfacs Bay at the surface (A) and bottom (B) as 
measured at a central station. Chlorophyll a concentration (g L1) and dissolved inorganic nitrogen (DIN, 
M) are shown on one axis. Dissolved inorganic P and Si (M) on the other axis. Probable inorganic P 
limitatio is indicate in the graph as  . 
Fig. 5. Weekly biological and chemical parameters in Fangar Bay at the surface (A) and bottom (B) as 
measured at a central station. Chlorophyll a concentration (g L1) and dissolved inorganic nitrogen (DIN, 
M) are shown on one axis. Dissolved inorganic P and Si (M) on the other. Probable inorganic P 
limitations is indicate in the graph as  .  
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In Alfacs Bay, the bloom began late in August and consisted of low 
concentrations (<105 cells L-1) of a mixture of the species P. calliantha and P. 
delicatissima, without any difference in the vertical profile. Beginning in October and 
continuing for the next 6 weeks, high cell densities (>106 cells L-1) were recorded. The 
proliferation at the surface was limited to P. calliantha, whereas at the bottom P. 
calliantha, P. pungens, and P. multistriata were recorded. In December 2006, P. 
fraudulenta became the main species albeit at low concentrations. From January 9 until 
February 13, a mixed bloom with low abundances (<105 cells L-1) was present in Alfacs 
Bay. The species composition was P. delicatissima, P. calliantha, P. pungens, and P. 
fraudulenta in different percentages. P. delicatissima was dominant from January 23 
until the end of the bloom (Fig. 6 B and D). 
Fig. 6. Weekly Pseudo-nitzschia cell abundance (cells L-1) and percentage of each Pseudo-nitzschia 
species (%) in Fangar Bay at the surface A) and bottom C), and in Alfacs Bay at the surface B) and 
bottom D).  
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Size distribution of Pseudo-nitzschia spp. in Alfacs Bay 
P. calliantha predominated during the October 2005 bloom at Alfacs Bay. During 
the period of maximum cell abundance, there was a significant percentage of large cells 
(>80 µm) of this species (r=0.71, significance level of 0.02). A considerable proportion 
of large P. calliantha cells were also recorded on November 7; the cell abundance at 
this date was 1.56×106 cells L-1 (Fig. 7A). The highest cell abundance of P. 
delicatissima recorded in Alfacs Bay during the study period occurred between January 
and February 2006. In general, an increase in cell size paralleled the increase in cell 
abundance. The maximum percentage of P. delicatissima cells >45 µm occurred at a 
cell abundance of 3.5×105 cells L-1 (Fig. 7B). P. fraudulenta was abundant from 
December 2005 to January 2006; the maximum cell abundance for this species was 
4×104 cells L-1. The largest proportion of cells >60µm (83%) occurred on January 23 
(Fig. 7C). In Fangar Bay, the study period was too short to investigate the cell-size 
distribution with statistical confidence.  
Fig. 7. Cell abundance (cell L-1) and percentage of size distribution during the blooms of Pseudo-nitzschia 
spp in Alfacs Bay. A) P. calliantha (n=394), B) P. delicatissima (n=202), and C) P. fraudulenta (n=124) 
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Composition of the phytoplankton community  
In Alfacs Bay (station 1), from January to March 2005, the phytoplankton 
community was dominated by nanoflagellates and coccolithophorids (Fig. 8). 
Nanoflagellates were also dominant in May, August, and December 2005 and in 
January 2006. Bloom of diatoms were recorded mainly in April, during which time 
Chaetoceros spp. and Leptocylindrus danicus predominated while in June only 
Chaetoceros spp. were observed. Pseudo-nitzschia appeared in July; the cell abundance 
was initially low but increased during the following months. In October and November, 
Pseudo-nitzschia was highly abundant, representing >80% of the diatom community 
and >74% of the group made up of diatoms, dinoflagellates, and nanoflagellates. The 
species composition was dominated by P. calliantha (95%). At the end of the year, 
Pseudo-nitzschia declined in abundance; however, in February 2006, Pseudo-nitzschia 
represented 91% of the diatom community, with P. delicatissima as the most abundant 
species (98%). 
Fig. 8. Relative abundance of the principal phytoplankton group in Alfacs Bay. The category predator 
includes rotifers, tintinids, ciliates, nauplius, copepods, and larvae of bivalves 
At Alfacs Bay station 2, the phytoplankton community showed three marked 
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dominance. During the Pseudo-nitzschia bloom period (>105 cells L-1, period i), from 
19 September, 2005 to 7 November, 2005 and from 23 January, 2006 to 13 February, 
2006, was dominated by these species, which accounted for >98% of the community 
(data not shown). During those periods in which the abundance of Pseudo-nitzschia was 
<105 cells L-1 period ii (21 November, 2005 until to 23 January, 2006), dinoflagellates, 
specifically Karlodinium spp., Karenia sp., and Prorocentrum triestinum, predominated 
on only one occasion, whereas they were far less represented during the diatom bloom. 
The results of measurements made at the bottom of the station were similar to those at 
the surface. During the period iii, other diatoms, i.e., Lioloma pacificum, 
Thalasssionema nitzschioides, Chaetoceros spp. and Pleurosigma sp., dominated the 
community composition (>95% of the community).  
At the surface of station 3 (Fangar Bay), during the Pseudo-nitzschia bloom from 
8 August, 2005 to 26 September, 2005, diatoms were dominant as well (data not 
shown). Pseudo-nitzschia spp. were accompanied by Pseudosolenia calcar-avis, 
Rhizosolenia setigera, and Pleurosigma sp. Dinoflagellates represented >50% of the 
community only once (August 22, 2005); the most abundant species was Gonyaulax 
polygramma. At the bottom of station 3, dinoflagellates, represented by Gonyaulax 
polygramma and Prorocentrum triestinum, were dominant on three occasions when the 
abundance of Pseudo-nitzschia was low (<104 cells L-1). 
Statistical analysis  
The ANOSIM analysis revealed no significant differences between samples taken 
at the surface or at depth, whereas the differences among seasons were significant 
(p<0.01). The pair-wise test demonstrated that samples obtained in winter were 
significantly different from those obtained in summer and autumn (p<0.05); the summer 
samples did not significantly different from those collected in autumn. Therefore, the 
analyses led to the identification of two groups of samples (Fig. 9). The cluster analysis 
generated a dendrogram in which the SIMPROF analysis (p<0.05) created three 
objectively defined groups (a, b, and c); this result was confirmed by ANOSIM analysis 
(significant differences among the three groups p<0.01). The pair-wise test (p<0.05) 
showed that group c differed significantly from groups a and b, and that group a was 
not significantly different from group b. Groups a and b represented species present in 
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winter and group c those present in summer and autumn (Fig. 9, Table 3). This 
statistical concordance between cluster and group confirmed that categorization of 
samples on a temporality basis, done prior to the statistical analysis, was an accurate 
approach to evaluate the samples. However, there were three samples that did not match 
these classifications; these were transitional, i.e., obtained between seasons (samples 
142, 190, 197).  
Table 3. Mean values for abiotic and biotic parameters of Alfacs Bay depending on cluster group (a, b 
and c) (see text) and season (summer, autumn and winter). Temperature, salinity, chlorophyll a 
concentration (chl a, g l-1), dissolved inorganic nutrients (M), Pseudo-nitzschia abundance per species 
(cells l-1) and total Pseudo-nitzschia abundance (TPSN). Variables with a significant role defining these 
groups are marked in grey. 
Multidimensional scaling (MDS), with a minimum 3-d stress value of 0.03 and 
minimum 2-d stress value of 0.09, confirmed the representation of the samples and was 
coincident with the cluster result. The test also showed a marked temporality, 
observable by the factor season, cluster groups and by the factor time (Fig. 9). The 
abiotic variables that differentiated the two groups (winter, which include groups a and 
b, and summer-autumn, which included group c) were NO3 and NH4 (SIMPER analysis 
with minimum contribution of 30%). Specifically, the NO3 concentration was higher 
and the NH4 concentration lower during winter while the opposite was true during 
summer and autumn (Tables 3 and 4). Moreover, these two groups were also 
characterized by two biotic variables (SIMPER analysis with minimum contribution of 
30%) with respect to the factor season as well as at the cluster level: P. delicatissima
was more abundant and P. calliantha less abundant among the winter samples and 
among cluster groups a and b, while within summer and autumn samples and cluster 
group c the opposite held regarding the abundances of these two species. Finally, the 
correlations shown in Table 5 confirmed the following results: concentrations of the 
inorganic nutrient NO3, which were higher during the winter, were negatively correlated 
with those of NH4 and with temperature. The concentrations of NH4, which were higher 
during summer and autumn, were positively correlated with temperature. In addition, P. 
Temp Sal Chl-a NO3 NO2 NH4 PO4 SIO4 P.callianthP.delicatiP.pungenP.multistri P.fraudul TPSN
a 10,28 35,73 1,65 14,70 0,63 0,91 0,34 6,44 0,91 3,55 0,28 0,00 0,24 4,99
b 16,97 34,93 5,03 37,22 0,65 1,64 0,28 4,63 1,57 0,05 0,51 0,00 2,14 4,27
c 19,46 34,71 4,69 4,21 0,29 8,17 0,42 3,62 4,10 1,31 0,03 0,06 0,19 5,69
Cluster Temp Sal Chl-a NO3 NO2 NH4 PO4 SIO4 P.callianthP.delicatiP.pungenP.multistri P.fraudul TPSN
Summer 24,40 34,18 4,90 2,43 0,48 12,05 0,71 4,40 3,45 1,65 0,00 0,00 0,00 5,10
Autumn 18,61 34,54 4,99 7,95 0,24 7,79 0,33 4,02 4,97 0,02 0,07 0,09 0,54 5,70
Winter 12,45 35,75 2,71 15,66 0,54 1,07 0,30 4,65 1,02 3,43 0,27 0,00 0,46 5,17
Cluster Means N=28
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delicatissima abundance, which was greater during the winter, was negatively correlated 
with NH4, and P. calliantha abundance (variables related to the summer and autumn 
seasons). By contrast, P. calliantha was positively correlated with NH4. Other 
significant correlations between Pseudo-nitzschia species and other species or abiotic 
variables were: P. pungens correlated negatively with temperature, NH4, and P. 
calliantha and positively with NO3 and NO2; P. fraudulenta correlated negatively with 
temperature and P. calliantha and positively with NO3 and P. pungens. These 
correlations established a higher-temperature affinity group consisting only of P. 
calliantha, and a lower-temperature affinity group consisting of P. delicatissima, P. 
pungens, and P. fraudulenta (Tables 4 and 5). Moreover, chlorophyll a was 
significantly and positively correlated with temperature and significantly and negatively 
correlated with salinity. 
Fig. 9. MDS (2-d minimum stress: 0.09) result of abiotic data. Black arrow shows the time sequence of 
sampling. Cluster and season groups are also shown 
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Table 4. Summary of statistical analyses performed on data collected from Alfacs Bay. Two groups were 
defined distinguishing winter (cluster groups a and b) from autumn and summer (cluster group c) (see 
text). These groups were characterized by high (+) or low (-) concentrations of NO3 and NH4 and by high 
(+) or low (-) cell abundances of Pseudo-nitzschia delicatissima and P. calliantha. Other variables did not 
play a significant role.  
Winter Summer-Autumn
(a + b) ( c )
NO - 3 + -
NH + 4 - +
P. delicatissima + -
P. calliantha - +
Table 5. Spearman correlation coefficients for transformed abiotic and biotic variables: temperature, 
salinity, chlorophyll a concentration (chhl a, g l-1), dissolved inorganic nutrients (M), Pseudo-nitzschia
abundance per species (cells l-1) and total Pseudo-nitzschia abundance (TPSN). Significant (p < 0.01) 
correlations are marked in grey. 
Discussion 
Our understanding of the population ecology of most Pseudo-nitzschia species is 
still limited by difficulties in taxonomic identification. Firstly, an important fraction of 
the Pseudo-nitzschia species in field samples cannot be identified and counted by 
routine methods (optical microscopy). Moreover, one species name may actually 
represent a number of cryptic species, such as has been described for P. delicatissima 
(Amato et al., 2007). Therefore, very little is known about the relationship among 
particular species and the environmental conditions that favor their growth, although 
general tendencies have been proposed (Parsons et al., 1999; Trainer et al., 2002; 
Kaczmarska et al., 2007). 
Variable
Temp Sal Chl-a NO3 NO2 NH4 PO4 SIO4 P.callian P.delicatisP.punge P.multi P.fraudul
Sal -0,32
Chl-a 0,57 -0,51
NO3 -0,73 0,22 -0,41
NO2 -0,22 -0,02 -0,33 0,57
NH4 0,58 -0,38 0,50 -0,49 -0,33
PO4 0,09 -0,38 0,13 -0,22 0,15 0,14
SIO4 -0,12 -0,19 -0,21 0,38 0,55 -0,01 -0,01
P.calliantha 0,46 -0,48 0,64 -0,47 -0,51 0,60 -0,04 -0,17
P.delicatissima -0,33 0,28 -0,63 0,25 0,38 -0,52 -0,04 0,13 -0,78
P.pungens -0,50 0,38 -0,29 0,72 0,56 -0,56 -0,23 0,31 -0,57 0,18
P.multistriata 0,08 0,13 -0,04 -0,04 -0,13 0,32 -0,24 -0,11 0,06 0,01 -0,14
P.fraudulenta -0,49 0,40 -0,23 0,69 0,43 -0,37 -0,16 0,13 -0,54 0,06 0,75 -0,13
TPSN 0,14 -0,14 0,34 -0,47 -0,70 0,24 -0,17 -0,37 0,61 -0,28 -0,58 0,08 -0,62
Spearman Rank Order Correlations, Marked correlations are significant al p <,01
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The present study is the first to provide detailed, species-level records of Pseudo-
nitzschia communities present in two bays of the Ebro Delta and to assess the 
relationship of these diatom communities to environmental conditions as well as biotic 
factors. In our study, the physic and chemical conditions of the waters in which Pseudo-
nitzschia were detected in high abundance included large variations in salinity, 
temperature, and nutrient composition. Possible limitation in DIN did not seem to play 
an important role in the spatial and temporal distribution of Pseudo-nitzschia
proliferation in the bays. 
Statistical analysis of the abiotic data collected during the study period showed 
that measurements made at the surface did not significantly differ from those made at 
the bottom of the three stations. This result was expected given the low depth of the 
water column in Alfacs Bay. Nevertheless, unambiguous and marked differences with 
respect to temporality of the samples were detected following statistic analyses, which 
identified two objectively defined groups: one made up of winter samples and the other 
of summer and autumn samples. The inorganic dissolved nutrients NO3 and NH4 were 
the principal variables that explained this distinction, i.e., high NO3 and low NH4
concentrations during winter and the opposite during summer and autumn. These two 
sample groups could also be distinguished on the basis of the biotic data, with P. 
calliantha more abundant during summer and autumn and P. delicatissima the dominant 
species during winter. By contrast, P. delicatissima was dominant in Fangar Bay in 
summer. Inorganic dissolved nitrogen loading in coastal waters has been postulated as 
to promote an increase in the abundance of Pseudo-nitzschia spp. (Hasle et al., 1996; 
Parsons et al., 2002). Cusak et al. (2004) and Kaczmarska et al. (2007) found that the 
presence of P. delicatissima correlated with environments rich in nitrates while 
environments rich in phosphate favour the growth of P. pungens. In the case of Alfacs 
Bay, significant correlations of the main Pseudo-nitzschia species (P. delicatissima and 
P. calliantha) depended on the particular N form, mainly NH4 and NO3. Regarding 
other environmental variables, P. pungens and P. fraudulenta were negatively 
correlated with temperature, in agreement with the findings of Hasle et al. (1996). 
Those authors recorded high P. pungens cell densities in northern European waters 
during the autumn.  
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Statistical analyses with abiotic factors were not performed in Fangar Bay since 
insufficient data were collected. Nonetheless, the dynamics of the Pseudo-nitzschia
bloom can be described. The bloom comprised species different from those making up 
the blooms in Alfacs Bay (P. calliantha and P. delicatissima) and was of shorter 
duration. Another important difference between the bays was that P. delicatissima was 
present in high abundance in Alfacs Bay in winter, but in Fangar Bay in summer. These 
features were probably due to fact that the bay is smaller and the bay is thus influenced 
to a greater extent by exchange with water from the open sea.  
In natural environments, auxospores are very rarely observed. For this reason, the 
occurrence of sexual reproduction is often detected by monitoring variations in cell size 
(Mann, 1988; Mann, 2002). Nonetheless, information on the diatom life cycle is mainly 
limited to benthic species (Mann, 1988, 1994; Mann et al., 1999; Mann et al., 2003; 
Chepurnov and Mann, 2004; Mann and Chepurnov, 2005). The main difficulty in the 
case of planktonic species is the overlap between distinct cohorts in the field (Mann, 
1988; Cerino et al., 2005). For Pseudo-nitzschia galaxiae, Cerino et al. (2005) reported 
two different morphotypes and hypothesized that sexual reproduction occurs at 
extremely low rates and only at a specific time of the year, or occurs in cells ranging 
widely in size. Moreover, it may be the case that until cells attain a cardinal point with 
respect to size (size threshold), sexual reproduction is not triggered. Although, some 
authors reported long-time cell reduction in Pseudo-nitzschia (order of years, 
Davidovich et al. 1998), our observations suggested that this genus is affected by a 
quick size reduction of about 40% over a 3-month period (e.g. cultures of P. calliantha, 
data not shown). Similarly, an abrupt reduction in the size of Pseudo-nitzschia species 
has been reported (Chepurnov et al., 2005; Quijano-Scheggia et al., in press). Based on 
the fact that the cell sizes of P. calliantha, P. fraudulenta, and P. delicatissima
increased during the bloom period in Alfacs Bay, we hypothesize that sexual 
reproduction must occur during such events. Although we did not observe auxospores in 
field samples, which would have confirmed sexual reproduction in Pseudo-nitzschia, 
large cells of the above-mentioned species were found in large proportions when the 
cell densities reached the maximum values over the course of the bloom. Since only 
sexual reproduction restores the vegetative cell size of Pseudo-nitzschia species 
(Drebes, 1977; Mann, 2002; Chepurnov et al., 2005), our data suggest that sexual 
reproduction of these species occurred. 
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The composition of the phytoplankton community in Alfacs Bays in January 2005 
was dominated by nanoflagellates and dinoflagellate, both of which evolve more 
efficiently under conditions of low nutrients and low irradiance. In April, June, and 
July, centric diatoms and in SeptemberNovember 2005, pennate diatoms (among them 
Pseudo-nitzschia) were the dominant components of phytoplankton exposed to high-
nutrient conditions. During the Pseudo-nitzschia proliferations, in which cell abundance 
exceeded 106 cell L-1, the genus represented the major fraction. The environmental 
window that allows Pseudo-nitzschia species proliferates and dominate the 
phytoplankton community in Alfacs bay is quite broad, in view of the fact that i) 
nutrients do not seems that limit their growth and ii) different species take advantage of 
different biotic conditions. These features allowed a succession of different blooming 
species of Pseudo-nitzschia lasting months in Alfacs Bay. 
 (Caropo et al., 2005) 
(Penna et al., 2006), (Throndsen, 1995) (Lundholm et al., 2002),(Guillard, 1975), (Guillard, 1973), (Zapata et al., 2000), 
(Grasshoff et al., 1983; Hasle, 1995; Justic et al., 1995; Priisholm et al., 2002; Van Lenning et al., 2003) (Kaczmarska et al., 2005) 
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Discusión general y conclusiones 
Al género Pseudo-nitzschia pertenecen especies capaces de presentar elevadas 
abundancias suficientes para ser consideradas dentro de la definición de proliferación 
algal. En la actualidad el conocimiento de taxonomía del género, los factores que 
promueven sus proliferaciones y sus distribuciones en el espacio y el tiempo, y su 
producción de toxinas son poco conocidos. A lo largo de esta memoria se han 
presentado trabajos sobre las especies del género Pseudo-nitzschia en la Costa Catalana 
(NW, Mar Mediterráneo). El estudio ha requerido una revisión de su taxonomía para 
determinar la existencia de especies crípticas y semi-crípticas, para lo que se ha 
recurrido a diversas herramientas como la morfología, la caracterización molecular y el 
estudio de la compatibilidad sexual. 
 Dentro de esta discusión general hay ideas que han ido saliendo en los diferentes 
capítulos de la tesis y que se detallan de manera sintética. Al mismo tiempo se presentan 
puntos que abarcan más de un capítulo. La discusión se plantea en aspectos diferentes: 
metodología, sexualidad, distribución y ecología. 
Identificación taxonómica 
Estudiar un organismo requiere su identificación previa. Si no es segura tampoco 
lo serán las conclusiones sobre sus distribución, comportamiento y ecología. En el 
género Pseudo-nitzschia la identificación no es obvia y requiere el uso de técnicas 
diversas. Para poder llevar a cabo el proceso de identificación segura del género 
Pseudo-nitzschia es necesario contar con cultivos de las diferentes especies que 
permitan aplicar los métodos antes nombrados. Durante este estudio, se han aislado y 
cultivado con éxito 8 especies del género Pseudo-nitzschia de diferentes lugares del 
litoral catalán, aisladas especialmente durante las proliferaciones. 
Conclusión 1: Se han cultivado con éxito 8 especies en el género Pseudo-nitzschia del 
litoral catalán para su posterior análisis.
Discusión general y conclusiones   159
En esta memoria, se ha recurrido a varias herramientas para definir las especies de 
Pseudo-nitzschia, la primera es la morfología. En sus comienzos, la morfología se 
basaba en caracteres que pueden ser observadas al microscopio óptico pero el hecho que 
algunas estructuras de la frústula característica de cada especie solo son observables al 
microscopio electrónico, ya sea de transmisión o de barrido, limita la utilización de la 
morfología en los programas rutinarios de vigilancia de especies nocivas.  
Paralelamente a la caracterización morfológica, se ha realizado una 
caracterización molecular de las especies y se ha utilizado la región de ITS1, 5.8S, y 
ITS2 del rDNA como marcador para la correcta separación entre ellas. Otros 
marcadores utilizados son LSU (dominio hipervariable D1—D3 del 28S rDNA), los 
genes que codifican la subunidad grande del RuBisCo (rbcL) y el gen mitocondrial de la 
citocromo c oxidasa (cox 1). El ITS1, 5.8S, y ITS2 del rDNA ya se había usado con 
éxito en este género (Lundholm et al., 2003; Lundholm et al., 2006; Amato et al., 2007; 
Casteleyn et al., 2008). La región del ITS1 y ITS2 no forman parte de los ribosomas 
maduros, pero presentan estructuras secundarias complejas que juegan un papel 
importante en la construcción de los ribosomas. Existe una correlación entre la 
evolución de las secuencias del ITS2 y la compatibilidad sexual en algas verdes y 
ciliados (Coleman, 2000). Se observa aislamiento reproductivo cuando se presentan 
CBCs (cambio compensatorio de bases). En el género Pseudo-nitzschia Amato, 2007 
encontró un aislaminento sexual cuando las células se agrupan en diferentes clades de 
CBCs.  
 Además de estas aproximaciones, el aislamiento reproductivo se ha utilizado 
como criterio para definir la taxonomía de la especies, es decir la compatibilidad sexual 
se ha planteado como un medio para comprobar el concepto de especie biológica. 
(Mayr, 1982; Mann, 1999; Chepurnov et al., 2004). 
Conclusión 2: La caracterización morfológica y molecular junto con la compatibilidad 
sexual ha permitido delimitar especies en el género Pseudo-nitzschia. 
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La caracterización morfológica y genética junto con la compatibilidad sexual es 
un trabajo laborioso, lento y requiere de personal experto. Para los análisis rutinarios de 
fitoplancton es necesario desarrollar otro tipo de herramientas que produzcan una 
respuesta rápida frente a un evento posiblemente tóxico. Debido a esto, se desarrollan 
métodos alternativos de identificación, como es el caso de los métodos moleculares que 
constituyen valiosas herramientas para la rápida identificación de algas potencialmente 
tóxicas. En los últimos años se ha trabajado con sondas moleculares marcadas con un 
fluorócromo, que se unen de manera selectiva a una región del rDNA, la señal emitida 
por la sonda se observa mediante un microscopio de fluorescencia. Sin embargo los 
resultados obtenidos con esta técnica no han sido del todo satisfactorios debido a la 
diversidad genética dentro de las especies de Pseudo-nitzschia (Scholin et al., 1999; 
Elandaloussi et al., 2006). Otra tecnología utilizada son las qPCR (PCR cuantitativa) 
que han probado ser una herramienta poderosa en la cuantificación de especies y 
permite ahorrar tiempo. Ha sido usado con éxito en la cuantificación de numerosas 
especies como por ejemplo Alexandrium fundyense (Dyhrman et al., 2006). McDonald 
et al 2007 utilizo “primer” específicos y bibliotecas clónales para la identificación de 
especies del género Pseudo-nitzschia. Estas metodologías resultan adecuadas, y con el 
tiempo podrán ser utilizadas en muestreos rutinarios a condición de rebajar los costos de 
operación. El primer diseño de sondas de cultivos de Pseudo-nitzschia del litoral catalán 
(6 cepas utilizadas) se hizo en colaboración con personal del Institut de Recerca i 
Tecnologia Agroalimentàries, IRTA (Elandaloussi et al., 2006). En esta primera 
aproximación se utilizaron sondas para P. delicatissima y P. calliantha. Sin embargo los 
resultados obtenidos no son concluyentes, solo 3 de 4 sondas reaccionaron con P. 
delicatissima y solo 1 de 2 con P. calliantha. Es posible que la gran diversidad genética 
no estudiada presente en el género Pseudo-nitzschia sea la causante de los resultados 
irregulares obtenidos hasta la fecha (Scholin et al., 1999; Evans et al., 2005). 
Conclusión 3: Hay una diversidad críptica no resuelta en el complejo Pseudo-nitzschia
delicatissima y esto impide una delimitación clara de la especie.
El análisis de pigmentos se ha propuesto como un método quemo-taxonómico 
rápido para diferenciar la composición de especies en el medio natural (Zapata et al., 
2000). Sin embargo, el análisis de los pigmentos en cultivo no muestra de forma segura 
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una diferencia que pudiera ser aplicada a muestras de campo, las variaciones observadas 
son muy bajas y pueden solaparse en muestras naturales (Capítulo 4). 
La identificación correcta de las especies también es un requisito indispensable 
para poder realizar predicciones sobre el origen, desarrollo y finalización de una 
proliferación algal. En el caso de la costa catalana, el actual método rutinario de 
observación en el programa de vigilancia no está diseñados para discriminar la 
presencia de especies problemáticas del género Pseudo-nitzschia. Otros programas de 
vigilancia a nivel mundial tampoco distinguen a nivel de especie en este género. La 
observación rutinaria al SEM, la utilización de métodos moleculares o de 
compatibilidad sexual requieren tiempo y la presencia de un experto, condiciones 
difíciles de cumplir con las tecnologías disponibles actualmente. En un futuro se 
deberían desarrollar métodos rápidos de identificación de especies y en su defecto basar 
los programas de vigilancia en la detección de toxinas ASP. 
Sin embargo y a pesar de los inconvenientes que pueda tener una identificación 
rutinaria en este género, el muestreo realizado para este estudio, básicamente 
fundamentado en el programa de vigilancia de la costa catalana, nos ha permitido 
conocer la diversidad de las especies mayormente representadas. Aun así, 
recomendaríamos para estudiar con mayor detalle la diversidad de especies de Pseudo-
nitzschia utilizar otra metodología, como tomar muestras rutinarias con red en las áreas 
de interés. Esto permitiría identificar especies que se encuentran normalmente en bajas 
concentraciones y poco representadas. Además, la presencia de especies epibiontes 
requiere que la observación al microscopio óptico sea adaptada para su observación sino 
es fácil no detectarlas. 
Como resumen, en la tesis se han abordado diferentes metodologías como 
aproximación multidisciplinar para llegar a uno de los objetivos; la identificación de las 
especies del género Pseudo-nitzschia. Se recomienda seguir estas diferentes 
aproximaciones para la correcta identificación del género: 
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1. aislamiento y cultivos (clones, estudios de reproducción, ciclo de 
vida) 
2. microscopia óptica y electrónica (identificación morfológica, 
identificación de estructuras, auxosporas) 
3. biología molecular (genética) 
4. estudios de campo, oceanografía (distribuciones de especies, estudios 
ecológicos) 
Sexualidad 
Von Stosch comentó que para conocer realmente a una especie es imprescindible 
conocer su ciclo de vida completo (Elbraechter, 2003). El ciclo de vida en cultivo 
requiere que se comprendan las características del tipo de reproducción, por ejemplo, si 
son cepas heterotálicas o homotálicas (Chepurnov et al., 2004; Mann and Chepurnov, 
2004). Se tiene información sobre los ciclos de vida de algunas especies de Pseudo-
nitzschia: P. multiseries y P. calliantha (Davidovich and Bates, 1998), P. delicatissima 
(Amato et al., 2005), P. fraudulenta (Chepurnov et al., 2004), P. pungens (Chepurnov et 
al., 2005), y P. multiestriata (Montresor, comunicación personal). Todas ellas son 
heterotálicas, necesitando para realizar la reproducción sexual exitosa la presencia de 
organismos con diferente sexo. 
En nuestros cultivos se realizaron los experimentos necesarios para probar el tipo 
de reproducción de las especies aisladas y se observaron auxosporas viables en cultivos 
con diferente sexo en: P. calliantha, P. delicatissima B/1, P. multistriata. En P. pungens 
no obtuvimos reproducción sexual, posiblemente esto fue debido a tener pocos clones 
(n=3). En P. brasiliana se observó, por primera vez en el género, reproducción 
homotálica. No fue necesario cruzar cepas de diferente sexo para obtener auxosporas 
viables. 
Conclusión 4: Se describe por primera vez la reproducción homotálica en el género 
Pseudo-nitzschia. 
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El conocimiento obtenido sobre la sexualidad permite elaborar hipótesis sobre los 
sucesos que ocurren en el medio natural. Para especies heterotálicas la posibilidad de 
encontrar compañero del sexo opuesto son mayores en especies de amplia distribución 
(P. calliantha, P. delicatissima, P. multistriata) en el caso de la costa. Para especies que 
aparecen solo ocasionalmente y en bajas densidades como es el caso de P. brasiliana
hipotetizamos que el homotalismo seria una adaptación deseable. Esta especie ha sido 
ya descrita en Brasil como introducida, con un comportamiento invasor presentando 
proliferaciones importantes. El homotalismo podría favorecer su introducción y 
supervivencia en nuevos hábitats (Villac et al., 2005). 
Otro aspecto relevante de la reproducción sexual en el género Pseudo-nitzschia es 
su baja frecuencia observada en el campo. Se han reportado solo ocasionalmente este 
tipo de eventos in situ (P. multistriata y P. australis). En esta tesis se propone que 
durante las proliferaciones del género debe existir reproducción sexual. Esta hipótesis se 
apoya  en el hecho de que, durante la proliferación, el tamaño promedio de los 
organismos aumenta. Solo mediante la reproducción sexual puede recuperarse el 
tamaño máximo y permitir a la especie tener un tamaño fisiológicamente óptimo 
durante la proliferación. Hemos observado que la tasa de reducción de tamaño de las 
diferentes especies de Pseudo-nitzschia varia en el tiempo. Es posible que sea una 
adaptación a las condiciones ambientales presentando una tasa baja de crecimiento y 
lenta reducción de tamaño en condiciones poco favorables y cambiando a un 
crecimiento rápido y fuerte reducción de tamaño en condiciones óptimas. En estas 
condiciones optimas la posibilidad de realizar reproducción sexual y restaurar el tamaño 
es mayor. 
Se ha observado la reducción abrupta de tamaño descrita en Pseudo-nitzschia
pungens (Chepurnov et al., 2005). Esta reducción abrupta de tamaño descrita en 
condiciones de cultivo puede ir acompañada de una tasa de crecimiento acelerada, 
ambas condiciones favorecerían la proliferación de estas especies. 
Conclusión 5: Se propone el seguimiento del tamaño celular en el género Pseudo-
nitzschia como indicador in situ de sexualidad. 
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Distribución del género en la Costa Catalana y en el mar Mediterráneo 
Al describir bien las especies y estudiarlas nos encontramos con la disyuntiva de 
si las especies han estado siempre en la flora fitoplanctónica o son especies que han sido 
introducidas recientemente. 
En biología el término criptogénico se usa refiriéndose a especies que no han sido 
observadas previamente en un determinado ámbito geográfico y que pasan en poco 
tiempo y sin causa conocida a formar parte, a menudo con altas abundancias, de una 
biota que se consideraba bien estudiada. La presencia de P. brasiliana correspondería a 
esta definición, ya que solo ha sido observada en la costa catalana recientemente y nos 
permite preguntarnos si esta especie pudo haber sido introducida. Esta es una especie de 
aguas tropicales (Lundholm et al., 2002; Villac et al., 2005) que no ha sido citada en 
lugares donde se lleva a cabo un monitoreo exhaustivo de fitoplancton como Italia o en 
Grecia. Inicialmente, la especie se observó en la costa catalana con presencia solo en 
una estación de muestreo en el año 2005.  Recientemente, en el año 2007, hemos 
observado una distribución más amplia, apareciendo en las estaciones de Port Olimpic y 
Roses. Es posible que haya sido introducida accidentalmente y se encuentre ahora en 
fase de expansión.  
En el caso de P. linea, esta memoria presenta la primera descripción de la especie 
en el mar Mediterráneo. Normalmente se encuentra epibionte sobre diferentes 
organismos y con las técnicas rutinarias de muestreo e identificación, su detección es 
difícil. Posiblemente su distribución en el Mar Mediterráneo es más amplia. 
Conclusión 6: Describimos por primera vez especies del género Pseudo-nitzschia
en el Mediterráneo. P. brasiliana y P. linea.  
Ecología 
Es necesario conocer la distribución espacio-temporal de las especies de Pseudo-
nitzschia y como estas reaccionan a las diferentes condiciones ambientales para postular 
posibles mecanismos que disparan su crecimiento. La bibliografía actual es escasa en 
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todo el mundo por las dificultades citadas de identificación segura en los monitoreos y 
muestreos rutinarios. 
En esta tesis se han relacionado el desarrollo de proliferaciones concretas de 
especies cuidadosamente identificadas con: i) parámetros ambientales (por ej. 
temperatura, salinidad, nutrientes inorgánicos) y ii) parámetros biológicos (por ej la 
abundancia y diversidad de las especies de Pseudo-nitzschia). En el área de estudio de 
estas proliferaciones concretas, el delta del Ebro, se han encontrado dos situaciones 
diferentes. Por una parte, la presencia de P. calliantha esta asociada a baja 
concentración de NO3 en verano-otoño y al contrario P. delicatissima esta asociada a 
alta concentración de NO3 en invierno. En el conjunto de la costa catalana, no se 
observa ninguna relación entre los parámetros ambientales y la distribución de especies. 
Es posible que los factores que controlan la proliferación sean otros distintos de los que 
se consideran habitualmente en los muestreos regulares como por ejemplo la presencia 
de elementos como Cu o Fe que se han descrito como esenciales para el crecimiento del 
fitoplancton (Marchetti et al., 2006).. 
El estudio durante un año de la comunidad fitoplanctónica en la bahía de Alfacs 
muestra que las diatomeas pennadas entre las que se encuentran las Pseudo-nitzschia se 
presentan como dominantes en la comunidad en verano. En el mes de abril las 
proliferaciones estacionales estuvieron dominadas por diatomeas principalmente 
Chaetoceros sp y Leptocylindrus danicus, en el mes de junio solo se observo 
Chaetoceros sp. De la misma manera que la presencia del género Pseudo-nitzschia no 
se puede asociar a ningún factor ambiental, no parece que haya una comunidad 
característica acompañante de sus proliferaciones masivas. 
Los factores que inician una proliferación de Pseudo-nitzschia así como su 
mantenimiento y su final no pueden ser caracterizados en su totalidad. En el caso de 
Alfacs se encontró relación entre factores ambientales y la proliferación de las 
principales especies (P. calliantha y P. delicatissima), sin embargo no se puede 
extrapolar estas condiciones a la costa catalana. Es necesario realizar estudios que 
incluyan más factores y que permitan postular con seguridad que factores son los que 
propician el inicio mantenimiento y fin de una proliferación. 
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Conclusión 7: Factores ambientales como temperatura, salinidad, nutrientes 
inorgánicos no parecen modular las proliferaciones de Pseudo-nitzschia estudiadas en la 
Costa Catalana.  Aunque en la bahía de Alfacs, algunas especies parecen estar asociadas 
a condiciones en que predominan diferentes formas de nitrógeno (nitrato y amonio). 
Las estrategias de vida de especies que producen proliferaciones algales son 
complejas y se relacionan con varios aspectos desde la morfología de la microalga 
involucrada hasta su comportamiento. En cuanto al crecimiento de la población se 
pueden distinguir dos estrategias fundamentales, r y K. La estrategia r, incluye 
organismos invasores, pequeños, de rápido crecimiento, con una relación pequeña entre 
volumen y superficie y que generalmente aparecen después de un aporte de nutrientes 
alcanzando abundancias altas. Las especies K estrategas incluyen a organismos 
eficientes en la incorporación de nutrientes, grandes, tolerantes al estrés, de crecimiento 
lento, generalmente muy especializados y de vida larga (Margalef, 1978) . Pueden tener 
la capacidad de regular la flotación, consiguen una abundancia modesta pero 
persistente, pueden presentar endosimbiontes ser mixotróficos, etc. El estudio de las 
tasas de crecimiento nos permite concluir que las especies del género Pseudo-nitzschia
pueden cambiar entre un crecimiento rápido cuando las condiciones son adecuadas (y 
favorecer una proliferación) a una tasa de crecimiento lenta en condiciones adversas. 
Apoyamos la teoría, ante el desconocimiento de formas de resistencia capaces de iniciar 
una proliferación, que existe una baja densidad de organismos o población basal difusa 
que en caso de existir condiciones adecuada inicia un crecimiento exponencial. 
Conclusión 8: Las especies del género Pseudo-nitzschia pueden ser consideradas r-
estrategas. 
(McDonald et al., 2007).  
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